Architecture Of The Bacterial Flagellar Rotor Elucidated With X-Ray Crystallography And Pulsed Dipolar Esr Spectroscopy by Sircar, Ria
 
 
 
ARCHITECTURE OF THE BACTERIAL FLAGELLAR ROTOR ELUCIDATED WITH X-
RAY CRYSTALLOGRAPHY AND PULSED DIPOLAR ESR SPECTROSCOPY 
 
 
 
 
A Dissertation  
Presented to the Faculty of the Graduate School  
of Cornell University 
In Partial Fulfillment of the Requirements for the Degree of  
Doctor of Philosophy 
 
 
 
by 
Ria Sircar 
August 2013 
 
 
 
 
 
 
 
 
 
 
© 2013 Ria Sircar 
 
 
 
 
 
 
 
 
 
 
 
ARCHITECTURE OF THE BACTERIAL FLAGELLAR ROTOR ELUCIDATED WITH X-
RAY CRYSTALLOGRAPHY AND PULSED DIPOLAR ESR SPECTROSCOPY 
Ria Sircar, Ph.D. 
Cornell University 2013 
 
Bacteria swim through liquid media propelled by rotating flagella, driven by a highly complex 
motor at the base. In response to stimuli, the motor can reverse rotation allowing the bacteria to 
stop and change direction almost instantaneously. The rotor proteins FliG, FliM, and FliN form 
the switch complex to generate the cytoplasmic rotor or C-ring. The switch complex is essential 
for torque generation, binding the response regulator phosphorylated CheY, and switching. Some 
bacteria contain FliY, which comprises of a FliN homologue and an additional domain with 
conserved residues from the CheC phosphatase family. There are crystal structures for most of 
the major rotor components, but not for FliY or complexes containing FliY. To advance our 
understanding of motor switching, more comprehensive structural information on the switch 
complex proteins and their assembly state is needed. 
I determined the structure of FliY and characterized its biochemical properties. My studies show 
that FliY functions as an active phosphatase in Thermotoga maritima in spite of the presence of 
two other phosphatases in the chemotaxis signaling system. Interactions of FliY with other rotor 
proteins were studied. This information was used to develop a model of FliY arrangement in the 
switch complex.  
 
 
I also investigated the arrangement of FliM and FliG in the C-ring with X-ray crystallography 
and pulsed dipolar electron spin resonance spectroscopy (PDS). I determined the crystal structure 
of a FliG:FliM complex that produces an arc with a radius consistent with the C-ring. However, 
the antiparallel arrangement of subunits in the crystal structure does not represent the interaction 
of components in solution phase. PDS data shows that FliM and FliG interact through their 
middle domains in a parallel fashion. Higher order complexes are mediated by interactions 
between the C-terminal domain of FliG and the middle domain of a neighboring FliG. Such 
cross-dimer interactions help to polymerize FliG around the C-ring and could explain the high 
degree of cooperativity observed upon rotational switching. PDS studies report changes the 
middle domain of FliM undergoes in the presence of phosphorylated CheY. The crystal 
structures and spectroscopic studies reported herein provided new insights about the architecture 
of the C-ring. 
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Chapter 1 
Introduction 
1.1 Bacterial cell motility: 
Bacteria swim through liquid media propelled by rotating flagella. Driven by a highly complex 
and efficient motor at their base, flagella run at speeds of up to several hundred cycles per 
second. More than twenty different proteins assemble to form an intricate machine that functions 
as the shaft, bushing, rotors, and stators of the flagella (Berg, 2003; Sowa and Berry, 2008). 
These motors can start, stop, and change rotational direction almost instantly, allowing the 
bacterium to rapidly respond to the environment. In the absence of a stimulus, the cells continue 
to swim smoothly or “run” for a second then stop, “tumble”, and change rotational direction 
(Turner et al., 2000). In the presence of a repellent the run duration decreases, and tumbling 
occurs more frequently, which reorients the cell and helps it to move away from the unfavorable 
environment. When the cells swim smoothly, the flagella are bundled up together and rotate in a 
counter clockwise (CCW) direction. When the cell tumbles, one or more flagella separates from 
the bundle and rotate clockwise (CW) (Fig. 1.1) (Berg, 2003; Kojima and Blair, 2004; Sowa and 
Berry, 2008; Terashima et al., 2008). 
1.2 Overview of the signaling pathway:  
Decades of study on the chemotaxis signaling pathway in Escherichia coli has produced 
molecular level understanding of the pathway. Chemotaxis relies on a two-component system 
involving the histidine kinase CheA and the response regulator CheY. The binding of ligands to 
the methyl-accepting chemotaxis proteins (MCPs) in presence of a repellent triggers the 
autophosphorylation of CheA, which is coupled to CheW. Subsequent phosphorylation of the 
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response regulator CheY (CheY-P) by CheA on a specific aspartate residue activates CheY and 
favors the binding of CheY to the switch complex of the flagellar rotor. The amount of CheY-P 
bound to the rotor controls the bias of flagellar rotation between CCW to CW, with greater 
CheY-P favoring CW. Once the signal is relayed and the flagellar response takes place, the 
signal is terminated by the dephosphorylation of CheY-P, upon which the cells return back to the 
pre-stimulus level (Fig. 1.1). CheY has the ability to dephosphorylate itself; however, the rate 
becomes 100-fold faster in the presence of a specific phosphatase (Armitage, 1999; Wadhams 
and Armitage, 2004). 
 
Figure 1.1. Chemotaxis signaling pathway in Escherichia coli. The schematic representation 
shows the important players involved in this pathway. The receptors undergo conformational 
changes after sensing the repellent or decrease in attractant concentration (Stewart, 2005). This 
activates autophosphorylation of CheA. CheA then phosphorylates CheY which binds to the 
rotor and causes the flagella to rotate clockwise, resulting in a tumble. This allows the bacteria to 
reorient and move away from the repellent. Once CheY is dephosphorylated the flagella rotates 
counter clockwise and cells continue to swim smoothly. 
1.3 The flagellar motor: 
The flagellar motor is the first direct evidence of a biological rotary machine (Sowa and Berry, 
2008). Scientists have marveled for decades at how this nanomachine functions and converts 
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energy into mechanical work with such high efficiency. Unlike modern day motors which are 
powered by electricity or hydrocarbons, or biological ones such as actin and myosin which 
derive energy from ATP, the flagellar motors obtain their energy from the proton motive force 
(Paul et al., 2008). While the motors are as tiny as 45 nm, they can rotate at several hundred 
hertz, significantly faster than a Formula One engine (Berg, 2003; Thomas et al., 2006). Because 
the flagellar motor operates with very little friction and heat generation, they functions near the 
theoretical limit of an ideal machine. Understanding the mechanism of the flagellar motor may 
aid in the design of artificial nanoscale motors. Such motors could have important applications 
for drug delivery and cargo transport at cellular level. 
1.3.1 Architecture: For over 40 years, flagella have been studied extensively in E. coli and 
Salmonella typhimurium. While these efforts have helped to further our understanding of the 
assemblies, much work is still needed to elucidate molecular aspects of this remarkable machine. 
The bacterial flagellum consists of an export apparatus, a reversible rotary motor, a universal 
joint, and filament (Berg, 2003; Kojima and Blair, 2004). Our understanding of the flagella is 
highly enhanced by the electron microscope (EM) images of an intact basal body from S. 
typhimurium at appro imately      resolution (Fig. 1.2) (Thomas et al., 2006). The results 
indicate that the motor core or “basal body” comprises of a number of rings: L, P, MS, and C 
which together span several layers of the cytoplasmic and outer membrane (Fig. 1.2) (Berg, 
2003; Suzuki et al., 2004). These rings are named after their location – lipopolysaccharide (L), 
peptidoglycan (P), membrane/supramembrane (MS), and cytoplasmic (C) layers respectively 
(DePamphilis and Adler, 1971). The MS-ring is assembled first, serving as the platform on 
which the other parts of the motor are built (Sowa and Berry, 2008). The MS-ring and C-ring are 
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thought to form the rotor, functioning together as one unit (Berg, 2003; Kojima and Blair, 2004; 
Terashima et al., 2008).  
 
Figure 1.2. Electron microscope image of an intact basal body from Salmonella 
typhimurium. Side view indicating the position of the different rings, adapted and modified from 
Thomas et al., 2006. 
1.4 Switch complex: 
The rotor proteins FliG, FliM, and FliN, each present in several copies, form the switch complex 
of the cytoplasmic C-ring (Fig. 1.3) (Kubori et al., 1997). The EM image measures the size of the 
C-ring to be 45 nm, and the symmetry within the EM reconstructions reports on the number of 
subunits present. Concentric rings of electron density of ~34-fold symmetry and 26-fold 
symmetry were observed for the C-ring and MS-ring respectively (Thomas et al., 2006). 
Interestingly, the feature of the C-ring closest to the MS-ring (“inner ring”) has rotational 
symmetry similar to the MS-ring rather than the C-ring. This results in a symmetry mismatch 
among the components of the C-ring (Brown et al., 2007; Thomas et al., 2006). It is believed that 
there are 26 copies of FliG, 34 copies of FliM and 136 copies of FliN.  
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The switch complex composes of the rotor and is the site where the second messenger CheY-P 
binds in order to switch rotational sense (Dyer et al., 2009; Park et al., 2006). Mutations in the 
genes expressing FliG, FliM, and FliN lead to non-flagellate (Fla-), paralyzed (Mot-), and switch 
biased (either CCW or CW) phenotypes (Yamaguchi et al., 1986). However, non-motile 
mutations of fliM, fliN can be complemented by over-expression of these proteins (Berg, 2003). 
Combination of crystal structures, cross-linking experiments, and pull-down assays clearly 
indicate the interaction pattern of the conserved rotor proteins FliG, FliM, and FliN in the switch 
complex (Brown et al., 2002; Brown et al., 2007; Kubori et al., 1997; Lam et al., 2013; Lowder 
et al., 2005; Park et al., 2006; Paul et al., 2011b; Sarkar et al., 2010b; Vartanian et al., 2012). 
However, there is currently no consensus about the orientation of the protein domains in the 
switch complex (Brown et al., 2007; Paul et al., 2011b).  
  
Figure 1.3. Schematic representation of flagellar motor showing different components. The 
arrangement of the different rotor proteins FliG, FliM, and FliN and the stator unit based on 
various biochemical assays is shown. Figure adapted from Sowa and Berry, 2008.  
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1.4.1 FliG: FliG acts as the connector between the C-ring and the MS-ring and plays the key role 
in flagellar rotation by interacting with the stator proton channel MotA (Fig. 1.3) (Lam et al., 
2013; Lloyd et al., 1996). Crystal structures of FliG (Brown et al., 2002; Lam et al., 2013; Lee et 
al., 2010; Lloyd et al., 1999; Minamino et al., 2011) reveal three distinct globular domains 
(amino, middle, and C-terminal domains) comprised of α helices (Fig. 1.4). The MS-ring 
composed of FliF showed 26-fold symmetry. Since the N-terminus of FliG (FliGN) interacts with 
FliF in the MS-ring (Grunenfelder et al., 2003; Kihara et al., 2000; Levenson et al., 2012), FliG 
is believed to have 26 copies (Suzuki et al., 2004; Thomas et al., 2001; Thomas et al., 2006). EM 
image of a FliF-FliG fused deletion mutant (FliF C-terminal 56 residues and FliG N-terminal 94 
residues were deleted) showed an upward shift in the electron density when compared to the wild 
type EM image (Thomas et al., 2001). This indicates that FliGN contributes towards the electron 
density of the cytoplasmic face of the M-ring. The middle domain has a conserved EHPQR motif 
known to interact with FliM, which was observed in the co-crystal structures of FliM with FliG 
as well as in solution by NMR studies (Dyer et al., 2009; Lam et al., 2013; Paul et al., 2011b; 
Vartanian et al., 2012). The hydrophobic patch of the C-terminal domain of FliG (FliGC) has also 
been implicated in interactions with FliM (Brown et al., 2007; Passmore et al., 2008; Paul et al., 
2011b). The middle domain and the C-terminus are linked by a long α heli  (referred as Heli MC 
in Fig. 1.4). A conserved Gly-Gly hinge at the C-terminal end of the linker renders the junction 
between the two domains highly flexible (Brown et al., 2002). Previous work has shown that 
mutation in this helix leads to phenotypes such as CW bias, defects in switching, and paused 
behavior. Thus, the junction helix plays a critical role in switching (Van Way et al., 2004). 
Crystal structure of different variants of FliG shows this helixMC in different orientations, 
(extended and closed) attributing each to different conformation that FliG could assume in CCW 
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and CW states (Brown et al., 2002; Lee et al., 2010; Minamino et al., 2011). Five conserved 
charged residues present along the ridge of FliGC interact with the stator, MotA (Lloyd and Blair, 
1997; Lloyd et al., 1999; Zhou et al., 1998). These residues are not individually vital for rotation, 
but function collectively. The electrostatic interaction between these charged residues on MotA 
and FliG results in torque generation, thus allowing for the communication between the bound 
states of FliM to the motor.  
 
Figure 1.4. Structure of full length FliG from Aquifex aeolicus is mostly helical. Structure 
displays three distinct globular domains (PDB 3HJL). 
1.4.2 FliM: Another component involved in switching is FliM, whose amino terminal is known 
to interact with CheY-P (Bren and Eisenbach, 1998; Park et al., 2006; Sockett et al., 1992; Toker 
and Macnab, 1997; Welch et al., 1993). The affinity for the N-terminal region however decreases 
many fold if CheY is not phosphorylated (Park et al., 2006). A recent study has shown that at 
higher local concentrations, CheY-P also interacts with the middle domain of FliM (Dyer et al., 
2009). The structure of the middle domain of FliM (FliMM) reveals a pseudosymmetric α/β 
globular protein similar to the CheC phosphatase family (Fig. 1.5). Cross-linking experiments on 
FliM shows that it self-associates in the C-ring via its α1 and α ʹ helices. Based on the size of 
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FliMM structure, 35 copies of FliM can fit into the C-ring of diameter 45 nm (Park et al., 2006). 
The residues mediating the intersubunit contact between the FliM middle domains are also 
important for CCW/CW switching. All the CW bias mutants and some CCW bias mutants reside 
on surfaces mediating the FliM:FliM interaction. Many of the CCW biased mutants are located 
mostly at the bottom of the middle domain near the FliN interacting surface (Park et al., 2006; 
Paul et al., 2011b). The conserved GGXG motif in the middle domain is essential for binding 
FliG as evidenced from the FliG:FliM crystal structures (Lam et al., 2013; Paul et al., 2011b; 
Vartanian et al., 2012) and biochemical assays (Mathews et al., 1998). Insertion of a Proline 
residue in the conserved motif (GPGXG) reduces binding to FliG (Mathews et al., 1998). FliG is 
absolutely necessary for FliM localization as observed by fluorescence of FliM-YFP in cells 
(Sourjik and Berg, 2000). The C-terminal domain of FliM (FliMC) interacts with the third rotor 
protein, FliN (Brown et al., 2005; Mathews et al., 1998; Sarkar et al., 2010b). FliM and FliN are 
the first proteins to be assembled acting as the foundation of the C-ring during the early stages of 
flagella formation (Brown et al., 2005; Gonzalez-Pedrajo et al., 2006). 
 
Figure 1.5. Structure of middle domain of Thermotoga maritima FliM (46-226). The ribbon 
representation shows si  helices and si  β-strands intertwined to form the pseudosymmetric 
globular domain. The two-fold a is e tends out of the plane from the central β sheet platform. 
’ 
N 
C 
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The electron density for the conserved GGXG motif is absent, seen here by the discontinuous 
loop at the bottom of the structure (PDB 2HP7). 
1.4.3 FliN: FliN is thought to form the donut shaped ring at the bottom of the C-ring. This 
protein is involved mostly in switching and flagellar assembly. Crystal structure of the C-
terminal two thirds of the protein is known (Fig. 1.6) (Brown et al., 2005). It is a tightly 
intertwined dimer formed mostly of β-sheets related by a twofold axis (Paul and Blair, 2006). 
The hydrophobic patch along the two fold symmetry axis is known to bind FliH, a protein 
involved in the export of filament subunits, thus implicating FliN in protein export as well as 
rotor architecture (Brown et al., 2005; Gonzalez-Pedrajo et al., 2006; McMurry et al., 2006; 
Yamaguchi et al., 1986). Switch-bias mutants are not as common in FliN, which suggests a 
minimum role for FliN in switching. FliN residues that when substituted do cause CCW bias are 
present around a hydrophobic patch (Sarkar et al., 2010a). However, a recent cross-linking study 
showed that after binding to FliMN, CheY-P interacts with FliN (Sarkar et al., 2010a). FliM and 
FliN interact strongly in the ratio 1:4 with FliN tetramers alternating with FliMC (Brown et al., 
2005; Sarkar et al., 2010b). Changes in the yield of FliMC:FliN cross-linked product in presence 
of a repellent suggests a movement along the FliMC:FliN surface during switching (Sarkar et al., 
2010b). Biochemical assays and mutational studies show that the residues involved in this 
interaction are grouped in two different regions of FliN, one along the outer ridge and another 
along the inner edge of the donut (Sarkar et al., 2010b).  
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Figure 1.6. Structure of C-terminus of FliN (64-158) dimer from Thermotoga maritima. The 
ribbon representation shows a saddle like structure composed mostly of β-sheets (PDB 106A). 
1.4.4 The less-conserved rotor protein FliY: In some bacterial genera like Thermotoga and 
Bacillus, the amino terminus of FliN is fused to an additional phosphatase domain, known as 
FliY (Bischoff and Ordal, 1992b). FliY dephosphorylates CheY at the motor, thereby 
extinguishing the signal. It belongs to the CheC/CheX/FliY phosphatase family, with the 
structure of the central domain similar to CheC and the rotor protein FliM (Park et al., 2004; 
Park et al., 2006; Sircar et al., 2013). The conserved D/S–X3-E-X2-N-X22-P motif defines the 
phosphatase active site (Muff and Ordal, 2008; Park et al., 2004; Silversmith, 2010). FliY has an 
amino-terminal CheY binding domain very similar in sequence to that of FliM (Park et al., 2006; 
Sircar et al., 2013). In Bacillus subtilis, this fragment is absolutely necessary to bind CheY-P but 
not in T. maritima (Sircar et al., 2013; Szurmant et al., 2003). Since FliY is able to complement 
the motility defect of S. typhimurium fliN null mutant, FliY is believed to be located at the rotor 
(Bischoff and Ordal, 1992b). Some bacterial species like Thermotoga and Bacillus encode only 
FliY whereas others like Helicobacter and Leptospira encode both FliN and FliY (Lowenthal et 
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al., 2009; Sircar et al., 2013). Encoding two or more proteins with redundant function is not 
uncommon in the chemotaxis signaling pathway. 
1.5 Current switch complex model:  
Structures of individual components, complemented with genetic analysis and biochemical 
studies by many groups enable the positioning of the C-ring components in the intact motor. Our 
best overall knowledge about the entire switch complex comes from high-resolution, single 
particle EM images. It is clear that FliG occupies the top most position of the C-ring followed by 
FliM and FliN. The charged residues of FliGC are present along the outer ridge of the C-ring so 
that they can interact with the stators. There is little agreement about the arrangement of FliGM 
and FliGN in the features observed in the EM images The Blair group favored positioning FliGC 
to the outer lobe of density and FliGNM to the inner lobe (Brown et al., 2007). The DeRosier 
group proposed that FliGC is present along the inner lobe and the remaining portions are present 
in MS-ring (Thomas et al., 2006). Recent work by the Namba and Stock groups predicted that 
FliGC (or FliGC+1) and FliGM forms the outer lobe and FliGN forms the inner lobe (Fig. 1.7) (Lee 
et al., 2010; Minamino et al., 2011). FliG interacts with FliM’s conserved GGXG motif. There 
are numerous models for FliM:FliG interaction as described below. FliN tetramers occupy the 
donut like electron density at the bottom of the C-ring right below FliM. The C-terminus of FliM 
is believed to bind between adjacent FliN tetramers. 
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Figure 1.7. Hypothesis for FliG arrangement in the rotor. (A) EM image of intact flagella 
from WT S. typhimurium (Thomas et al., 2001). Red box indicates the position of FliG in the 
electron density. Arrangement of different domains of FliG proposed by Thomas et al., 2006 (B), 
Brown et al., 2007 (C) and Lee et al., 2010 or Minamino et al., 2011 (D). Figure adapted and 
modified from Paul et al., 2011b. 
 
1.5.1 Model for FliM:FliG interaction: Different models have been proposed for the FliM:FliG 
complex. The Blair lab proposed a model based on the symmetry mismatch with evidence from 
biochemical assays. According to their model, 26 copies of FliM interact with 26 copies of FliG 
through the C-terminal hydrophobic patch and the remaining eight copies of FliM interact with 
the EHPQR motif present in the middle domain of FliG (Brown et al., 2007; Paul et al., 2011b) 
(Fig. 1.8 (A)). The co-crystal structure of FliMM with FliGM establishes the interaction via the 
middle domains. Using pull-down assays they were able to detect an interaction between FliGC 
(185-331) fragment and FliMM in cells (Paul et al., 2011b). The FliM molecules present along 
the outer edge of the C-ring change orientation during switching but the remaining eight copies 
form a more rigid inward region (Paul et al., 2011b). This model could explain results of 
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fluorescence photo bleaching where a major fraction of FliM was in rapid exchange with a free 
pool of FliM provided the cells were switching (Delalez et al., 2010). Accordingly, only the 
outward FliM molecules exchanged rapidly with cellular FliM. 
 
Figure 1.8. Models for FliM:FliG interaction. (A) Blair model based on the symmetry 
mismatch between FliG and FliM. More copies of FliM interact with FliG through the C-
terminal domain (FliGC), with fewer copies interacting with FliG through the middle domain 
(FliGM). (B) Left: The FliMM:FliGMC crystal structure from Dahlquist group (PDB 4FHR). FliM 
and FliG interaction is through the middle domains. The arm stacking between ArmM and ArmC 
is shown. Right: Schematic representation of the arrangement of FliM and FliG in the C-ring 
based on the crystal structure. 
A recent co-crystal structure of FliMM with FliGMC from the Dahlquist lab shows that FliGM and 
FliMM interact in a 1:1 ratio through the EHPQR motif of FliGM and GGXG motif of FliMM, 
much the same as was seen in the original structure of FliGM with FliMM (Lam et al., 2013; Paul 
et al., 2011b; Vartanian et al., 2012). The FliGC portion is present on top of FliGM. The pseudo 
armadillo repeats from helices 1-4 (ArmM) and helices 6-8 (ArmC), stack on a single FliG 
protomer resulting in burial of 14 hydrophobic residues (Fig. 1.8 (B)) (Vartanian et al., 2012). 
Not observing any interaction between FliMM and FliGC in the crystal structure, they measured 
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the binding between these two domains. The dissociation constant value between FliM and FliGC 
was 580 M indicating a weak interaction between them. This group predicted that the 
interaction between FliGC and FliM is either absent in vivo or applicable to a sub-population of 
the species (Vartanian et al., 2012). 
1.6 Switching: 
The reversible rotary motor efficiently converts proton-motive force to torque generated in either 
the CW or CCW direction. Switching between the CCW and CW directions dictates whether the 
bacteria will swim smoothly or tumble. The likelihood of spinning in the CW direction is 
governed by CheY-P (Silversmith and Bourret, 1999). Understanding the changes in molecular 
structure that causes switching will provide great insight into how the rotor is coupled to the 
stator for torque generation.  
There are several mechanistic models for switching (Bai et al., 2010; Cluzel et al., 2000; Duke et 
al., 2001; Turner et al., 1999). However, none of these models are able to resolve how the 
CW/CCW configuration changes the shape of the basal body, what conformational changes are 
caused when CheY-P binds to FliM, or how the signal is transmitted to the rotor/stator 
interaction. 
1.6.1 Switch associated movement in FliM, FliG and FliN: The model described here is the 
most extensive one involving all the switch proteins FliG, FliM, and FliN (Paul et al., 2011a; 
Paul et al., 2011b). According to the recent structural model there are two different types of 
FliM, one which is oriented outwards interacting with FliGC (26 copies of FliM) and the 
remaining eight copies oriented inwards interacting with FliGM. Cross-linking experiments on 
FliG, FliM, and FliN in the presence of a stimulus (attractant or repellent) provided us with 
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insight into the switching mechanism. At first the signaling protein CheY-P is captured by the N-
terminus of FliM. It then interacts with FliN and allows a conformational change to the 
FliN:FliMC interface. This acts as the initial steps of switching to CW direction. FliMM is 
directly placed above the FliN:FliMC array in the C-ring. Any conformational change that affects 
FliN:FliMC would also affect FliMM. To test how the signal is transmitted towards FliG, cross-
linking experiments were performed on FliM and FliG. Cross-linking yields were unaffected for 
FliMM:FliGM and FliGM:FliGM in presence of stimuli indicating that these collective domains 
behave as rigid units during switching. Residues cross-linked on the linker α heli  of FliG and 
FliMM (FliG193/FliM74) yielded stronger repellent stimulated cross-linked bands (Lowder et al., 
2005). Most of the FliGC:FliM and FliMM:FliMM cross-linked pairs showed a strong dependence 
on chemotactic stimuli. These results could be explained by the relative rotation of FliGC with 
respect to FliMM and a movement of the top of FliMM, with the minor FliGM:FliMM interaction 
providing a rigid support (Paul et al., 2011a). Rocking of FliMM in presence of activated CheY 
causes a large rotational change to FliGC which lies above (Fig. 1.9). According to this model, 
cooperativity is generated by the FliN:FliMC tetramer at the base of the ring along with the two-
step binding mechanism of CheY-P. CheY-P binds to FliMN in a non-cooperative manner and 
then is recruited to the switch. However, the switch occurs only after a certain number of CheY-
P molecules accumulate on the FliMN tethers. This model is based on studies in E. coli. Switch 
complex architecture in FliY containing bacteria might be different. Further studies would be 
necessary to show if this model is valid in such bacteria. 
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Figure 1.9. Model for flagella switching. Upper panel shows the tangential movement FliGC 
(light blue) undergoes after CheY-P binds to the lower part of C-ring. Green dots indicate the 
approximate positions about which FliGC pivots above FliM and black dots indicates the position 
of conserved Gly-Gly residues. Lower panel shows the tilting of FliMM (dark tan) and the 
rotation the supported FliGC (light blue) undergoes. The inner FliMM (light tan) and FliGNM 
(blue) are considered to be rigid and do not undergo any movement. Figure adapted from Paul et 
al., 2011a. 
 
1.7 Diversity in C-ring structure across the bacterial kingdom: 
Cryo EM images of bacterial flagella from 11 different bacteria shows the diversity in flagellar 
structure among varied species. Mostly the core structure is conserved, as is the relative position 
of the rings with respect to the membranes; however, there are remarkable differences in the 
overall size and appearances (Fig. 1.10). The C-ring from various bacteria shows different 
diameters, ranging from 37 nm to 54 nm (Chen et al., 2011; Murphy et al., 2006). Cryo EM of a 
Leptospiral motor shows additional electron density around the lower part of the C-ring (Raddi 
et al., 2012).  
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Figure 1.10. Core structures of the motor from different bacteria. Left: The isosurface of S. 
enterica motor (red line) aligned to the EM reconstruction of basal body. Right: The flagellar 
motor structure obtained by aligning motor images from 11 different bacterial species. The core 
structure aligns perfectly, however, the C-ring has different diameter, showing up as multiple C-
rings in the average. Figure adapted and modified from Chen et al., 2011. 
1.8 Discussion: 
Studies of the chemotaxis pathway in E. coli over several decades have provided us knowledge 
about signal detection, amplification and adaption in bacterial motility (Hazelbauer et al., 2008; 
Tindall et al., 2012; Wadhams and Armitage, 2004). This dissertation is focused on the 
architecture of the flagellar C-ring, especially in Gram-positive and thermophilic bacteria. The 
sequence similarity between FliM and FliG amongst different bacteria indicates that the structure 
and interaction between these proteins were similar and conserved amongst different species. We 
have elucidated the arrangement of FliM and FliG in soluble complexes and find that they 
assemble in such a manner as to optimize cooperative interactions within the C-ring. The 
structure of the C-ring in Gram-positive bacteria and spirochetes differs from the paradigm E. 
coli or S. typhimurium due to the presence of FliY. Herein, we provide the first crystal structure 
of FliY and characterize its binding and reactivity toward CheY-P. So far the highest resolution 
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EM images of the basal body have been obtained from S. typhimurium. Lower-resolution cryo-
EM images of the Gram-positive switch are available and they show a larger diameter of the C-
ring, which may reflect the addition of FliY. Gram-positive and related bacteria are especially 
important in medicine because several motile species are involved in pathogenicity like 
Helicobacter pylori, Vibrio cholera (Howitt et al., 2011; Rolig et al., 2011; Schweinitzer and 
Josenhans, 2010; Terry et al., 2005). Understanding the architecture of the flagellar rotor in 
Gram-positive bacteria will help resolve remaining issues in overall C-ring architecture and 
provide molecular data on a key system required for medically important bacteria to sense and 
respond to their environment. 
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Chapter 2 
 
Structure and activity of the flagellar rotor protein FliY: A member of the CheC 
phosphatase family * 
 
Background: FliY is a flagellar rotor protein of the CheC phosphatase family. 
Results: The FliY structure resembles that of the rotor protein FliM but contains two active 
centers for CheY dephosphorylation.  
Conclusion: FliY incorporates properties of the FliM/FliN rotor proteins and the CheC/CheX 
phosphatases to serve multiple functions in the flagellar switch.  
Significance: FliY distinguishes flagellar architecture and function in different types of bacteria. 
 
SUMMARY:  
Rotating flagella propel bacteria toward favorable environments. Sense of rotation is determined 
by the intracellular response regulator CheY, which when phosphorylated (CheY-P) interacts 
directly with the flagellar motor. In many different types of bacteria the CheC/CheX/FliY (CXY) 
family of phosphatases terminates the CheY-P signal. Unlike CheC and CheX, FliY is localized 
in the flagellar switch complex, which also contains the stator-coupling protein FliG and the 
target of CheY-P, FliM. The 2.5 Å resolution crystal structure of the FliY catalytic domain from 
Thermotoga maritima bears strong resemblance to the middle domain of FliM. Regions of FliM 
that mediate contacts within the rotor compose the phosphatase active sites in FliY. Despite the 
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similarity between FliY and FliM, FliY does not bind FliG and thus is unlikely to be a substitute 
for FliM in the center of the switch complex. Solution studies indicate that FliY dimerizes 
through its C-terminal domains, which resemble the Escherichia coli switch complex component 
FliN. FliY differs topologically from the E. coli chemotaxis phosphatase CheZ, but appears to 
utilize similar structural motifs for CheY dephosphorylation in close analogy to CheX. 
Recognition properties and phosphatase activities of site-directed mutants identify two 
pseudosymmetric active sites in FliY (Glu35/Asn38 and Glu132/Asn135), with the second site 
(Glu132/Asn135) being more active. A putative N-terminal CheY binding domain conserved 
with FliM is not required for binding CheY-P or phosphatase activity. 
 
*"This research was originally published in Journal of Biological Chemistry. Ria Sircar, Anna R. 
Greenswag, Alexandrine M. Bilwes, Gabriela Gonzalez-Bonet and Brian R. Crane. Structure and 
Activity of the flagellar rotor protein FliY: A member of the CheC phosphatase family. Journal 
of biological chemistry. 2013; 288: 13493-13502. © the American Society for Biochemistry and 
Molecular Biology”.  
______________________________________________________________________________ 
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2.1 Introduction: 
Bacterial chemotaxis, the movement of cells in response to the surrounding environment, is 
achieved through a coordinated network of over twenty proteins that link receptors in the 
cytoplasmic membrane with the flagellar motor (Wadhams and Armitage, 2004). Central to the 
network, the intracellular messenger protein CheY undergoes receptor-regulated phosphorylation 
on a conserved aspartate residue by the histidine kinase CheA and then binds to the flagellar 
rotor to change its direction of rotation (Wadhams and Armitage, 2004; Bilwes et al., 2003). To 
maintain an optimal concentration of phosphorylated CheY (CheY-P) for signal transmission and 
adaptation, phosphatases are required to dephosphorylate CheY-P (Clausznitzer et al., 2010; 
Sourjik and Berg, 2002; Kuo and Koshland, 1987; Silversmith et al., 2003). For example, in E. 
coli, the phosphatase CheZ decreases the CheY-P lifetime from ~ 20 seconds to ~ 200 
milliseconds (Wadhams and Armitage, 2004). CheZ is generally found in proteobacteria; other 
types of bacteria such as those of genera Thermotoga and Bacillus do not have CheZ but instead 
encode phosphatases of the CheC/CheX/FliY (CXY) family (Fig. 2.1 (A)) (Muff and Ordal, 
2008; Szurmant and Ordal, 2004; Silversmith, 2010; Wuichet and Zhulin, 2010). 
Structure function studies have been carried out on CheC and CheX (Silversmith et al., 
2003; Muff and Ordal, 2008; Szurmant and Ordal, 2004; Silversmith, 2010; Wuichet and Zhulin, 
2010) but not FliY, the last member of the family to have its crystallographic structure 
determined. The CXY family contains a consensus sequence D/S–X3-E-X2-N-X22-P that 
defines the phosphatase active site, with CheC and FliY having two such repeats and CheX only 
one (Muff and Ordal, 2008; Szurmant and Ordal, 2004; Silversmith, 2010; Park et al., 2004). 
CheX dimerization generates two active sites per dimer (Park et al., 2004), but the recent crystal 
structure of the complex between CheX and BeF3
-
-activated CheY3 from Borrelia burgdorferi 
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shows CheY3 bound to a single subunit of CheX, which suggests that binding CheY-P may 
dissociate the CheX dimer (Pazy et al., 2010). In CheC and CheX, the invariant Glu residue in 
the consensus sequence (bolded above) is essential for binding CheY-P, whereas the invariant 
Asn residue (also bold) is critical for the phosphatase activity (Fig. 2.2 (A)) (Park et al., 2004; 
Pazy et al., 2010). These residues structurally mimic the conserved Asp and Gln residues 
essential for phosphatase activity in CheZ (Zhao et al., 2002). In the structure of the 
CheXCheY3BeF3
-Mg2+ complex, the helix bearing the conserved Glu/Asn residues on CheX 
adopts a perpendicular orientation with respect to CheY3 1 (Pazy et al., 2010). The Glu/Asn 
residues themselves participate in an extensive hydrogen bond network with the aspartyl-
phosphate and surrounding residues of CheY. The Asn residue hydrogen bonds with an ordered 
water molecule, which is positioned for in-line attack of the phosphate mimic group BeF3
-
. 
Alone, CheC is a weak phosphatase (Park et al., 2004; Szurmant et al., 2004), but its affinity for 
CheY-P increases in complex with CheD, a chemoreceptor deamidase (Park et al., 2004; 
Szurmant et al., 2004; Chao et al., 2006; Muff and Ordal, 2007b). Formation of the CheD:CheC 
complex is proposed to allow levels of CheY-P to influence receptor modification state by 
sequestering CheD (Chao et al., 2006; Glekas et al., 2012). 
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Figure 2.1. Domain arrangement of the CheC family and related proteins. (A) Domain 
organization of CheC family and related proteins in E. coli, H. pylori, T. maritima, and B. 
subtilis. Structurally unrelated CheY phosphatases E. coli CheZ (orange) and H. pylori (red) are 
found in proteobacteria. The asterisk indicates active centers. (B) Schematic representation of 
different constructs of FliY, FliM, and FliG from T. maritima used in this study. Black shading 
denotes CheY-P binding domain, yellow shading denotes CheC homology domain, and green 
shading represents the rotor protein FliN homology domain. 
 
Many non-proteobacteria encode the third member of this phosphatase family, FliY (Muff and 
Ordal, 2008; Silversmith, 2010; Szurmant et al., 2004; Bischoff and Ordal, 1992b). For example, 
FliY is found in pathogenic Gram-positive bacteria from the geni Bacillus or Helicobacter and 
pathogenic spirochetes from the geni Leptospira and Treponema. Lower pathogenicity of 
Leptospira has been associated with inactivation of fliY gene (Liao et al., 2009). FliY is thought 
to localize in the switch complex that composes the flagellar C-ring (Muff and Ordal, 2008; 
Silversmith, 2010; Szurmant et al., 2004; Bischoff and Ordal, 1992b). In E. coli, the switch 
complex contains many copies of FliG, FliM and FliN (see Fig. 2.1 for domain designations and 
relationships of rotor proteins and phosphatases). FliG connects the C-ring to the MS-ring and 
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interacts with the stator to allow rotation (Brown et al., 2002). Structures of FliG from various 
organisms (Brown et al., 2002; Lloyd et al., 1999; Lee et al., 2010; Minamino et al., 2011; Paul 
et al., 2011) reveal three globular domains linked by flexible linkers. FliM is sandwiched 
between FliG and FliN in the C-ring and is directly involved in binding CheY-P (Mathews et al., 
1998; Sockett et al., 1992; Toker and Macnab, 1997). The middle and C-terminal domains of 
FliG interact with FliM (Paul et al., 2011; Brown et al., 2007). FliM contains an amino terminal 
CheY-binding motif (FliMN) that recruits CheY-P to the motor (Mathews et al., 1998; Sockett et 
al., 1992; Toker and Macnab, 1997). NMR studies have shown that in addition to CheY-P 
binding to the N-terminal motif, it also interacts with the middle domain of FliM, albeit weakly 
(Dyer et al., 2009). The crystal structure of the middle domain of FliM (FliMM) reveals a 
topology similar to CheC (Park et al., 2006). The conserved GGXG motif is essential for binding 
FliG as evident in the FliG:FliM complex structure (Paul et al., 2011; Vartanian et al., 2012). 
The C-terminal domain of FliM interacts with the third rotor protein, FliN (Mathews et al., 1998; 
Toker and Macnab, 1997; Brown et al., 2005). FliN represents the donut shaped structure present 
at the bottom of the C-ring membrane distal in EM reconstructions (Brown et al., 2005; Thomas 
et al., 2006). Recent crosslinking studies in E. coli show that CheY interacts with FliN and in 
doing so transmits conformational signals to FliG (Sarkar et al., 2010). Crystal structures of the 
C-terminal two thirds of T. maritima FliN reveal a tightly intertwined dimer formed mostly of β-
sheets (Brown et al., 2005). Nonetheless, E. coli FliN is a tetramer in solution, which is assumed 
to be the assembly state found in the C-ring (Brown et al., 2005).  
The FliY gene was first identified and characterized in Bacillus subtilis as a multidomain 
protein, with an amino terminal CheY-P binding domain (FliYN), a middle domain (FliYM) 
similar to FliM and a C-terminal domain similar to FliN (FliYC, Fig. 2.1) (Bischoff and Ordal, 
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1992; Park et al., 2006). The deletion mutant FliYΔ 6-15 of B. subtilis FliY cannot bind CheY-P 
(Szurmant et al., 2003). The large middle domain (FliYM) has structural homology to the CheC 
phosphatase family. It has been suggested that CheC/CheX phosphatases and the FliM/FliY 
flagellar rotor proteins all evolved from a common ancestor (Kirby et al., 2001). FliY conserves 
the dephosphorylation sites of CheC and CheX, but FliM does not. B. subtilis FliY has greater 
phosphatase activity than CheC alone (Szurmant et al., 2004). Some bacteria such as B. subtilis 
and T. maritima, do not contain a separate FliN, presumably deriving this function solely from 
FliY; whereas in other bacteria, such as H. pylori FliY and FliN are expressed as separate 
proteins (Lowenthal et al., 2009). B. subtilis FliY can complement the motility defect in a 
Salmonella FliN mutant (Bischoff and Ordal, 1992), which suggests redundant functions for FliY 
and FliN, as well as localization of FliY in the C-ring. The importance of having the primary 
CheY-P phosphatase localized to the switch is currently not well understood. 
Herein we report the crystallographic structure of T. maritima FliYM, characterize its 
phosphatase activity and investigate the interaction properties of full-length FliY. The structure 
reveals how a variable //coil ʹ region diverges among the CXY family members to impart 
specific functions. We verify that both putative active sites of FliY bind phosphorylated CheY 
and have CheY phosphatase activity but that the second site is more active than the first. FliYN 
does not increase the binding affinity of CheY-P and FliYM does not appear to associate with 
FliG. These findings have implications for the function and architecture of the flagellar rotor in 
non-enteric bacteria. 
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2.2 Experimental Procedures: 
2.2.1 Protein preparation: The genes encoding T. maritima FliY (residues 1-343), FliYMC 
(residues 24-343), FliYNM (residues 1-224), FliYM (residues 24-224), CheA, CheY were PCR 
cloned from T. maritima genomic DNA (obtained from the American Type Culture Collection) 
into the vector pET28a (Novagen) and expressed with a His6-tag in E. coli strain BL21-DE3. 
Cells were induced with 100 µM Isopropyl -D-1-thiogalactopyranoside (IPTG) at OD = 0.6 and 
grown at 37 °C for 6-10 hrs. Point mutations on FliYNM were introduced by quick change or 
overlap PCR and verified by sequencing.  
Proteins were purified with Nickel-NTA affinity chromatography and the His6-tags were 
subsequently cleaved with thrombin. Samples were then run on size exclusion chromatography 
(Superdex 75 or Superdex 200; Pharmacia Biotech) and concentrated in GF buffer (50 mM 
TRIS, pH=7.5, 150 mM NaCl).  
Seleno-methionine substituted FliYM was grown in minimal media supplemented with 16 amino 
acids.  100 mg of L-seleno-methionine was added to 2 L of media. Cells were induced with 100 
M IPTG at OD= 0.6 and grown overnight at room temperature. The protein purification carried 
out as described above, except that 10 mM DTT was added to all the buffers.   
2.2.2 Crystallization and data collection: Crystals were obtained from vapor diffusion of 2 L 
drops containing 1 L of reservoir solution (0.2 M ammonium sulfate, 30% w/v PEG 8000 
(Hampton screen)) and 1 L of the FliYM protein in GF buffer. A single anomalous diffraction 
(SAD) dataset was collected at the peak wavelength of Se (0.97670 Å) at Cornell High Energy 
Synchrotron Source (CHESS), station A1. Crystals were soaked in the cryoprotectant (15% 
glycerol) briefly before flash cooling in a N2 cold stream.  
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2.2.3 Structural Determination and Refinement: Diffraction data were scaled with HKL2000 
(Otwinowski and Minor, 1997) and the structure determined with SOLVE (Terwilliger and 
Berendzen, 1999). The initial model produced by automatic chain-tracing in SOLVE/RESOLVE 
provide the foundation to build the complete model manually with XFIT (McRee, 1999) and 
refined with CNS (Brunger, 2007). Water were added with water picking algorithms in CNS and 
adjusted manually amidst cycles of refinement.  
2.2.4 Phosphatase Assays: CheA (12-30 M) and CheY (33-300 M) were premixed with 5 L 
of TKM buffer (50 mM TRIS, pH 7.5, 200 mM KCl, 10 mM MgCl2) with various volumes of 
GF buffer. The samples were incubated with 2 L of an ATP solution (15 L of an 11 M cold 
ATP solution, 3-8 L of [-32P] ATP (3000 Ci/mmol, Perkin-Elmer)) made to a total volume of 
75 L with filtered nanopure water. For the control containing no FliY, the sample was quenched 
at 15 minutes with 25 L of 3×SDS buffer containing 50 mM EDTA [pH 8]. Once the samples 
were incubated for 15 minutes, 2.5 L of FliY (5 or 10 M, native or mutants) was added to a 
total volume of 25 L per sample and quenched at various time points with the same SDS buffer 
as the control. The proteins were separated on a 4-20% Tris-glycine SDS-PAGE at 120 V for 
two hours. The proteins were affixed with water, then stained with Coomassie for 10 minutes, 
and de-stained with water for three hours. The gels were dried in a GelAir Drying System for 
three hours, placed in a cassette and the film exposed for a minimum of twenty-four hours before 
visualization using a STORM phosphoimager.  
2.2.5 Multiangle light scattering: Size-exclusion chromatography coupled with multiangle light 
scattering was used to study the molar mass of the various protein fragments. Proteins (2 mg / 
mL) were run at room temperature on the column (BioSep-SEC-S 3000 column (Phenomenex)) 
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pre-equilibrated with GF buffer. Analysis and molecular weight determination was carried out 
with Wyatt technologies ASTRA. Bovine serum albumin (Sigma) was used as a control for data 
quality.  
2.2.6 Pull-down assays: Assays were carried out in binding buffer (25 mM HEPES, pH= 7.5, 
500 mM NaCl, and 50mM Imidazole). Proteins were incubated in 30 L Ni-NTA with the 
binding buffer for 30 minutes at room temperature. The beads were washed with binding buffer 
thrice and once with binding buffer containing 1% Triton X-100 to minimize non-specific 
binding. 2x SDS loading dye was added to the resin and boiled for 5 minutes at 90 °C, 
centrifuged at 13000 rpm for 5 minutes. The supernatant was used for SDS-PAGE analysis. To 
demonstrate the binding of various constructs of FliY (100 M) to CheY (75 M) and CheY-P 
(75 M), pull-down assays were performed with His-tagged proteins as described previously 
(Muff et al., 2007; Muff and Ordal, 2007a) with minor modifications. The samples which 
required phosphorylation of CheY, 20 mM acetyl phosphate (Sigma-Aldrich) in presence of 20 
mM MgCl2.6H2O was added for incubation and wash steps to the binding buffer to ensure 
complete phosphorylation of CheY.  
2.3 Results: 
2.3.1 Gene structure of T. maritima FliY: In the annotated genome of T. maritima two adjacent 
flagellar genes demarked by an authentic frameshift have been designated as FliY1 and FliY2 
(gene id 897481 and 897793 respectively), FliY1 corresponds to FliYNM, whereas FliY2 
corresponds to E. coli FliN. FliY2 was cloned, characterized and its structure determined (Brown 
et al., 2005). As annotated, all the reading frames indicate a stop codon between FliY1 and 
FliY2. However, PCR cloning from genomic DNA and subsequent sequencing revealed an 
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additional guanine nucleotide (# 479) between the two reading frames that abrogates the stop 
codon and allowed for expression of a fused FliY1-FliY2. The composite full-length FliY (343 
residues) was expressed in E. coli and found to be fully soluble and well behaved (supplemental 
Fig. 2.7).  
2.3.2 FliYM is a / globular protein with a fold similar to CheC and CheX: The structure of 
T. maritima FliYM (residues 24 - 223) was determined at 2.5 Å resolution by single anomalous 
diffraction of selenomethionine substituted protein (Table 2.1). The two FliY molecules in the 
asymmetric unit have a nearly identical structure with a main chain Cα RMSD of 0.6  . The 
structure of FliYM shares a pseudo symmetric topology with the phosphatases CheC and CheX, 
and the rotor protein FliMM (Fig. 2.2 (B)). In all cases, the first half of the protein relates to the 
second half both in sequence and structure by a pseudo-twofold rotation axis roughly 
perpendicular to the central -sheet (supplemental Fig. 2.8). The FliYM / globular fold 
comprises five α helices and si  -strands. The six -strands (1-2ʹ-3ʹ-3-2-1ʹ; primes 
denote symmetry-related features) form a continuous antiparallel -sheet and are very similar in 
structure to those of the other family members. Two long helices (1 and 1ʹ) pack against and 
run diagonal to the central -sheet, two medium length helices (3 and 3ʹ) cap the hydrophobic 
core generated by the -sheet and 1/1ʹ. The fifth small helix (2) packs on the opposite face 
of the -sheet as 1/1ʹ (Fig. 2.2 (B)). Notably, the symmetry-related feature to 2 (hereafter 
referred to as c2ʹ), is not a helix, but rather an extended loop that has -like geometry, yet does 
not main-chain hydrogen bond with 1ʹ, the neighboring strand. In CheC, this region is helical 
(2ʹ) and pseudosymmetric to 2; whereas in CheX, this region also displays pseudosymmetry 
but rather forms a β-strand (x2ʹ/x2) that mediates CheX dimerization by allowing for a 
37 
 
continuous 7-stranded -sheet across the dimer interface. Thus, FliY appears to be a hybrid 
between CheC and CheX, where 2 is CheC-like, but the symmetry related region, c2ʹ, is not 
helical and instead more closely resembles x2ʹ in CheX. As predicted from sequence 
alignments of FliYM with CheX and CheC (Park et al., 2004), FliYM lacks a Gly residue 
following 1ʹ that would allow for the extended loop to align with the -sheet and become x2ʹ. 
Thus, FliYM remains monomeric and shows greater overall resemblance to CheC than to CheX 
(supplemental Fig. 2.9). 
 
Figure 2.2. The CXY phosphatase family. (A) Proposed transition state for CheY-P 
dephosphorylation (adapted from Pazy et al., 2010) highlighting the role of the essential Glu and 
Asn side chains (orange) and contributing residues from CheY (blue). (B) Structural comparison 
within the CXY family and FliMM. Secondary structural elements of each protein are shown as 
ribbons. The α ′/β ′/c ′ regions differentiate the members from each other (dark orange). 
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Table 2.1. Data collection, phasing and refinement statistics                                        
Data Collection 
Space group                                      P212121                          
Unit cell (Å)                                              a = 49.75, b = 85.89, c = 119.94 
Resolution range (Å)                        50 - 2.5 (2.54- 2.50)a 
†Rmerge
 b
                                           0.090 (0.157)
 a
 
I/I     a 
Completeness (%)                                  99.9 (99.3)
 a
 
Redundancy                                             7.4 (6.8) a 
Phasing FOM
c
                                      0.37 (0.39)
 a
  
Refinement 
No. of reflections                             33692 
R work/R free                                  0.213/0.261 
No. of atoms    
Residues                      200 (#24-223) for chain A,  
                                                        198 (#24-220) for chain B 
Water                                  175 
B-factors (Å2 ) 
Wilson                                             27.1 
Main chain                  25.2 
Side chain                                       28.8 
Water                     30.2 
Geometry (r.m.s.d.)
c
 
Bond lengths (Å)                            0.007 
Bond angles                                    1.3° 
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__________________________________________________________________________________ 
a
Highest resolution range for compiling statistics 
b
Rmerge = i |Ii -<I>| / iIi 
c
r.m.s.d., root mean square deviation, FOM, figure of merit. 
 
2.3.3 Association state of FliY: Multiangle Light Scattering (MALS) coupled to size-exclusion 
chromatography indicated that full-length FliY behaves as a single species in solution (Table 
2.2), with a molar mass of ~80 kDa, which is consistent with a dimer (subunit molecular weight 
= 37.8 kDa). However, FliYNM and FliYM were both monomeric with molar masses of 22.2 and 
19.8 kDa respectively (Table 2.2 and supplemental Fig. 2.10). Thus, the C-terminus of FliY 
mediates dimerization, which is consistent with the dimeric state of FliYC in solution and in 
crystal structures, where it folds as an intertwined, domain-swapped dimer (Brown et al., 2005). 
Table 2.2. Multiangle Light Scattering Data  
Mw, weight average molar mass, Mn, number average molar mass 
 Predicted Subunit Molar 
mass (kDa) 
Observed Molar 
mass (kDa) 
Polydispersity 
Mw/Mn 
FliYFL 37.8 80.3 (1%) 1.012 
FliYNM 24.4 22.2 (4%) 1.005 
FliYM 21.9 19.8 (3%) 1.002 
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2.3.4 FliY is a CheY phosphatase: T. maritima FliY actively dephosphorylates CheY as 
monitored under conditions of steady-state phosphotransfer from CheA with 32P-ATP. CheA is 
included in the assay because of the instability of CheY-P, which requires it’s in situ production 
(Park et al., 2004; Szurmant et al., 2004; Muff et al., 2007; Muff and Ordal, 2007a). FliY does 
not affect CheA autophosphorylation (Fig. 2.3 (A), lanes 7 and 8). The rate of FliY phosphatase 
activity greatly exceeds the rate of CheA phosphorylation of CheY when 33 M CheY is treated 
with 12 M CheA and 5 M FliY (Fig. 2.3 (A)). At CheY levels as great as 300 M, sub-
stoichiometric amounts of FliY (5 M) dephosphorylate nearly all available CheY-P and hence 
the reaction requires catalytic turnover by FliY. FliYMC, FliYNM, and FliYM behave very 
similarly to FliY under similar conditions, and thus the N- and C-terminal domains of FliY have 
little effect on phosphatase activity (Fig. 2.3 (B)). Furthermore, FliY dimerization, which is 
disrupted in the absence of FliYC, is not important for dephosphorylation of CheY-P.  
Based on homology to CheX and CheC (Park et al., 2004), FliY has two potential active centers 
that are composed from conserved residues containing acidic and amide side chains. α1 and α1ʹ 
harbor the putative catalytic residues Glu35/Asn38 and Glu132/Asn135, respectively (Fig. 2.3 
(C)). In order to evaluate the importance of each active site for CheY-P hydrolysis, phosphatase 
activity was measured in FliYNM variants where Glu35, Asn38, Glu132, and Asn135 were 
mutated to Ser individually, in pairs, and in totality. The time points and relative concentrations 
of each protein were optimized such that a comparison could be made between fully 
phosphorylated and dephosphorylated levels of CheY-P under steady state phosphorylation by 
CheA. The Asn35Ser/Glu38Ser/Asn132Ser/Glu135Ser mutant had no phosphatase activity (Fig. 
2.3 (E)). When each active site was examined separately, the Glu35Ser/Asn38Ser mutant had 
reduced phosphatase activity compared to WT FliYNM, however the phosphatase activity of 
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Glu132Ser/Asn135Ser was severely impaired. The single mutants Glu132Ser and Asn135Ser 
had similar, albeit lesser effects (Fig. 2.3 (D)). Thus, both putative active centers contribute to 
FliY phosphatase activity; however, the second Glu132/Asn135 site is dominant.  
 
Figure. 2.3. FliY phosphatase activity. (A) Autophosphorylated T. maritima CheA (1  μM; 
lane 1) transfers 
32P to 33 μM CheY (lanes 2–6). 5 μM FliYNM (lanes 3 and 4) or 5 μM FliY 
(lanes 5 and 6) dephosphorylates CheY-P. 90 s and 180 s time points were measured after FliY 
addition. FliY does not affect CheA autophosphorylation (lanes 7 and 8). (B) Effect of N-
terminal CheY binding domain (FliYN) on CheY-
32
P dephosphorylation: All reactions contained 
30 μM CheA and 300 μM CheY. Bands correspond to CheY-32P after transfer from CheA, 
measured at 45 s after addition of 5 μM FliY (lane 2), 5 μM FliYMC (lane 3), 5 μM FliYNM (lane 
4), and 5 μM FliYM (lane 5). (C) Ribbon diagram of the FliYM topology with active site Glu and 
Asn residues shown as sticks. (D) Effects of FliY double and single mutants on phosphatase 
activity measured 45 s after addition of 5 μM FliY variants. (E) Effect of FliYNM mutants on 
CheY-
32P dephosphorylation. Reactions contained 30 μM CheA and 300 μM CheY. Bands 
correspond to CheY-
32P after transfer from CheA measured 5 min after addition of 10 μM 
FliYNM (WT and variants). (F) Relative phosphatase activities of FliY mutants measured as the 
ratio of CheY-P dephosphorylated per unit time relative to WT activity. The experiments were 
performed in quadruplicate; error bars indicate S.D. For ease of visualization, the gel images 
have different contrast ratios.  
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To study the contributions of the FliY domains on phosphatase activity we performed the 
dephosphorylation assay with various FliY variants (FliY, FliYMC, FliYNM, and FliYM). The full-
length and FliY domain fragments were all able to dephosphorylate CheY-P with similar activity 
provided they contained the FliY middle domain (Fig. 2.3 (B)). Thus FliY dimerization, which is 
disrupted in the absence of FliYC, does not largely influence phosphatase activity and 
surprisingly, neither does the putative N-terminal CheY binding domain (FliYN). We then tested 
whether purified FliY required the N-terminal domain to interact with CheY in pull-down 
experiments. Strong interaction between FliY and affinity tagged CheY is only observed when 
CheY is phosphorylated by the phosphate donor acetyl phosphate. This interaction did not 
depend on the presence of FliYN (Fig. 2.4 (A)). In contrast, FliMM alone showed no interaction 
with CheY-P or CheY; however, FliMNM, which contains the N-terminal peptide, bound both 
CheY-P and CheY, the former most strongly. 
Mutation studies showed that each FliY active site binds CheY-P (Fig. 2.4 (B)). Alteration of 
residues in both active sites (Glu35Ser/Asn38Ser/Glu132Ser/Asn135Ser) greatly reduced 
binding but did not abrogate it entirely (Fig. 2.4 (B)). This indicates that the Ser replacements 
can still mediate some interaction with CheY-P or that other peripheral residues are also involved 
in binding. Binding to CheY-P was increased when either the first or second active site was 
restored in the absence of the other; however, restoration of the first active site alone showed the 
greatest increase in CheY-P binding (Glu132Ser/Asn135Ser; Fig. 2.4 (B)). Thus, the more active 
dephosphorylation center (Glu132/Asn135) exhibits lower apparent CheY-P affinity than the less 
active center (Glu35Ser/Asn38). Given the very low affinity of unphopshorylated CheY for FliY, 
the weaker apparent binding at the second site may reflect its ability to turnover substrate more 
quickly.  
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Figure 2.4. Interaction between CheY and FliY domains. (A) Pull-down assay of FliYNM (100 
μM) and FliYM (100 μM) with His-tagged CheY (75 μM) in presence of acetyl phosphate where 
indicated. Shown is His-tagged CheY in presence of acetyl phosphate (lane 1). Negative and 
positive controls are shown: interaction of FliMM (lane 2) and FliMNM (lane 3), respectively, with 
CheY in presence of acetyl phosphate. FliYM (lane 4) and FliYNM (lane 5) interacted strongly 
with CheY only in presence of acetyl phosphate. No interaction was observed between CheY and 
FliMM (lane 6), FliYM (lane 8), or FliYNM (lane 9) in the absence of acetyl phosphate. Reduced 
interaction was seen with FliMNM in the absence of acetyl phosphate (lane 7). (B) Pull-down 
assay of FliYNM (100 μM, lane 1) and variants (100 μM, lane 2, E35S/N38S; lane 3, 
E132S/N135S; lane 4, E35S/N38S/E132S/N135S) with His-tagged CheY (75 μM) in the 
presence of acetyl phosphate demonstrate that both active sites bind CheY-P. (C) Pull-down 
assay of FliY (80 μM) with His-tagged FliGMC (40 μM, lane 5). Positive control is as follows: 
His-tagged FliGMC pull down of FliMM (80 μM, lane 2). Controls of FliMM without tag (lane 3) 
and FliY without tag (lane 6) show no interaction with the affinity beads. Upper pair of bands in 
lane 2 represents FliGMC ± His6 tag, whereas a lower pair of bands represents FliMM and an N-
terminal cleavage product. The presence of untagged FliGMC in the pull-down indicates a larger 
than dimeric complex formed by FliGMC and FliMM. 
 
2.3.5 Interaction of FliY with FliG: The C-terminal domain of FliY is homologous to FliN (and 
FliMc) and thus, FliY is thought to be located in the flagellar rotor (Szurmant et al., 2004; 
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Bischoff and Ordal, 1992b). Indeed, B. subtilis FliY was able to complement a S. typhimurium 
fliN amber mutant and restore motility (Bischoff and Ordal, 1992a). Furthermore, some FliY 
sequences conserve with FliM residues known to form an important loop for engaging FliG 
(MGGXGE; supplemental Fig. 2.8). In pull-down assays, FliMM shows a strong interaction with 
affinity-tagged T. maritima FliGMC (Fig. 2.4 (C)). But, FliY shows no such interaction with 
FliGMC (Fig. 2.4 (C)). We also investigated the interaction between FliGMC and FliYNM by site-
specific spin-labeling and pulsed dipolar electron spin resonance spectroscopy (data not shown). 
Nitroxide spin-labels on FliMNM and FliGMC provided interaction distances that agreed with the 
FliG:FliM complex crystal structure (Paul et al., 2011). However, spin-labels at a similar 
position on FliY did not yield any observable interaction with spin-labeled FliG. These 
experiments suggest that FliYM cannot replace FliMM in its association with FliG and therefore 
has a unique position in the flagellar rotor. 
2.4 Discussion:  
2.4.1 Comparison with CheC/CheX and FliMM: FliYM maintains the topology of the 
CheC/CheX family, although the overall resemblance to CheC is greater than to CheX 
(supplemental Fig. 2.9). The most notable difference is that FliYM does not have defined 
secondary structure between residues 165-178 (c2ʹ) which corresponds to 2ʹ in CheC and x2ʹ 
in CheX (Park et al., 2004) (supplemental Fig. 2.8). The 2ʹ helix in CheC mediates binding to 
the activator CheD (Chao et al., 2006) and x2ʹ mediates dimerization in CheX (Park et al., 
2004). In FliM, the small 2ʹ helix mediates contact to the 1/1ʹ face of a neighboring FliM 
subunit within the rotor (Park et al., 2006). The 1/1ʹ helices containing the active site residues 
of FliYM are similar in size as to those of CheC and superposition of the conserved motifs on 
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1/1ʹ from CheC and FliYM show similar spatial orientation of the residue side chains 
(supplemental Fig. 2.9). Structural variation in the c2ʹ region of FliY suggests that FliY has a 
distinct architectural role from FliM and does not undergo associations similar to those of CheC 
and CheX.  
2.4.2 Phosphatase activity of FliY: FliY has been assigned to be the primary CheY phosphatase 
in B. subtilis, despite the presence of CheC (Szurmant et al., 2004; Chao et al., 2006). Unlike B. 
subtilis, Thermotoga encodes all three members of the CheC phosphatase family, and T. 
maritima CheC and CheX have been previously demonstrated to dephosphorylate CheY-P (Park 
et al., 2004). FliY also dephosphorylates CheY-P, which establishes three distinct chemotaxis 
phosphatases in T. maritima, despite the presence of only one CheY homolog per genome. 
Sequence conservation with CheX, CheC (and CheZ, see below) suggested the possibility of two 
active sites on FliY. The double mutant of the second putative active site 
(Glu132Ser/Asn135Ser) has low observable phosphatase activity (Fig. 2.3 (D), (E)). The 
Glu35Ser/Asn38Ser mutant also has reduced phosphatase activity, but not to the same extent as 
Glu132Ser/Asn135Ser. The combined effect of mutating both active sites is roughly cumulative 
(Fig. 2.3 (F)). The low phosphatase activity of the first site, though apparent in Figs. 2.3 (D), (E) 
may be masked somewhat by the coupled nature of the assay. CheY-P hydrolyzes relatively 
quickly (t1/2 = 30-150 sec (Swanson et al., 1996)), and thus conditions were used where the 
mutant activities would distinguish steady-state levels of CheY-P in the presence of CheA. In the 
case of the Glu35Ser/Asn38Ser double mutant, CheY phosphorylation by CheA competes with 
FliY-catalyzed dephosphorylation, but the overall dephosphorylation rate has been reduced 
compared to WT due to loss of the first active site. Why FliY contains two active centers of 
differing activity is unclear, although two different sites may facilitate the optimum deactivation 
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rate of CheY in the confines of the flagellar switch complex, where many copies of CheY-P 
simultaneously contribute to switching the rotation sense (Khan et al., 2000; Sowa and Berry, 
2008).  
 Given that both FliY active sites show a high degree of symmetry in sequence and 
structure, they both bind the substrate CheY-P, but not the product CheY, and that conservative 
mutations of suspected catalytic residues in either site lower phosphatase activity, but mutations 
in both sites are needed to abolish activity, it is very likely that FliY has two independent 
catalytic centers. The greater activity of the Glu132/Asn135 site compared to the Glu35/Asn38 
site most likely stems from the peripheral regions surrounding the consensus motifs. Either 
single mutant Glu132Ser or Asn135Ser showed nearly the same loss in activity as the double 
mutant Glu132Ser/Asn135Ser (Fig. 2.3 (D)). However, the Asn38Ser mutation has a larger affect 
on dephosphorylation than the Glu35Ser. The requirement of Asn at positions 38 and 135 is most 
likely due to their role in aligning a catalytic water molecule, as seen in the structure of 
CheX:CheY3 (Pazy et al., 2010). Substitution of the conserved Asn residues from both active 
sites in T. maritima and B. subtilis CheC (with activating CheD present) removed all activity, 
whereas the double Glu mutant could dephosphorylate CheY-P to some extent (Park et al., 2004; 
Muff and Ordal, 2007b).  
2.4.3 Implications for interaction with CheY: The FliY active sites are very similar to the 
active site of CheX and CheZ as revealed by the crystallographic structures of those proteins in 
complex with a phospho-mimic of CheY (CheYBeF3
-Mg2+) (Pazy et al., 2010). 
Superimposition of the 1 and 1ʹ helices of T. maritima FliYM with those of CheX in the B. 
burgdorferi CheXCheY3BeF3
-Mg2+ cocrystal structure (PDB 3HZH) generated a clash free 
model with the Glu35 (or Glu132) and Asn38 (or Asn135) aligned with Glu96 and Asn99 of 
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CheX respectively (Fig. 2.5 (A)). Although the side chain of FliY Glu132 is directed away from 
the predicted location of the CheY-phosphate in the structure, the presence of CheY-P likely 
produces the proper disposition (Pazy et al., 2010). CheZ also projects acid and amide-containing 
side-chains from an α-helix to bind and hydrolyze the CheY phosphoryl group (Zhao et al., 
2002). Superposition of α1 and 1’ helices of T. maritima FliY on to the active-site helix of E. 
coli CheZCheYBeF3
-Mg2+ (PDB 1KMI) led to a clash free model that superimposed Asp31 
(or Ser128) to Asp143 of CheZ but it did not align the essential T. maritima FliY Asn38 (or 
Asn135) near the active site (Fig. 2.5 (B)). Shifting down the FliY helices to superimpose Asn38 
(or Asn135) with Gln147 of CheZ generated some clashes and mismatched the side-chain 
lengths. Thus, the chemical mechanism of hydrolysis is likely similar in CXY and CheZ 
phosphatases (Pazy et al., 2010), although the reactive residues are supplied somewhat 
differently (Park et al., 2004). 
 
Figure 2.5. Structural comparison of FliY to CheX and CheZ. Comparison of the active 
center residues of FliY (site 1 in pink, site 2 in orange) and B. burgdorferi CheX (cyan) in 
complex with CheY·BeF3
−
·Mg
2+
 (blue) (A) and E. coli CheZ (light blue) in complex with 
CheY·BeF3
−
·Mg
2+
 (B).  
 
 
48 
 
2.4.4 The N-terminal CheY binding domain is not essential for phosphatase activity: FliY 
has an N-terminal CheY binding peptide which is homologous to the N-terminus of FliM. 
Crystal structures of activated CheY in complex with the FliMN peptide have shown that upon 
CheY phosphorylation Tyr106 changes conformation from an exposed to a partially buried 
position to facilitate the packing of the helical FliMN binding motif against the 4-5-5 region 
of CheY (Lee et al., 2001b; Lee et al., 2001a; Dyer et al., 2004). The residues involved in 
binding CheY are well conserved in FliM and FliY and a similar motif is found in the C-
terminus of CheZ (supplemental Fig. 2.11; (Silversmith, 2005; Guhaniyogi et al., 2006)). 
Isothermal titration calorimetric measurements demonstrated a much higher affinity interaction 
for T. maritima CheY binding to FliMNM compared to FliMM (Park et al., 2004). The affinity 
between CheY and FliMNM is increased by orders of magnitude in the presence of the phosphor-
mimic BeF3
-
. We have also demonstrated here that CheY-P binds to FliMNM more strongly than 
does CheY and that neither CheY-P nor CheY binds to FliMM under these conditions (Fig. 2.4 
(A)). Given that the N-terminal peptides of FliM and FliY have conserved binding regions 
(supplemental Fig. 2.11) it is surprising that the in vitro phosphatase activity of FliY does not 
depend on FliYN (Fig. 2.3 (B)). Indeed, FliYNM or FliYM show the same degree of binding to 
CheY-P, which is contrary to what has been observed for the B. subtilis proteins (Szurmant et al., 
2004). Thus, FliYN is not necessary to recruit CheY-P to the FliY active site, although it may 
interact weakly with CheY in the phosphorylated forms (the latter of which would be masked by 
the strong direct binding to FliYM in Fig. 2.4 (A)). Notably, if CheY were bound to FliYN in the 
same mode as found in the CheY-FliM peptide cocrystal structures the short linker between 
FliYN and FliYM would prevent the CheY aspartyl phosphate residue from accessing the FliY 
active center. The short linker of ~9 residues between the conserved CheY binding motif of 
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FliYN and the central domain (1) in T. maritima FliY compared to the > 20 residues linkers of  
B. subtilis FliY, E. coli FliM and T. maritima FliM (supplemental Fig. 2.11) likely restrict CheY-
P from accessing the dephosphorylation centers of T. maritima FliY. Thus, binding of T. 
maritima FliYN to CheY may be more important for switching the rotor direction (in assistance 
to FliMN) than dephosphorylation of CheY-P. 
2.4.5 Implications for rotor assembly: The structure of the flagellar rotor in genera like 
Thermotoga or Bacillus may be different from that in Escherichia and Salmonella due to the 
presence of FliY. Previous studies have shown that T. maritima FliN forms intertwined dimmers 
(Brown et al, 2005), which is consistent with FliY forming a dimer mediated by FliYC (i.e. FliN). 
Computational methods (with Psipred; (Buchan et al., 2010; Jones, 1999)) predict that the ~30 
residue region connecting FliYM and FliYC does not have defined secondary structure and would 
allow substantial flexibility between the C-terminal and middle domains (Fig. 2.6). EM images 
and biochemical studies localize FliN to the bottom of the C-ring in Salmonella (Brown et al., 
2005). Given the size of FliY (more than twice that of E. coli FliN), we predict FliYC to be also 
present as a rigid structure at the base of the C-ring with the FliYNM region extending out of the 
base. The inability of FliYM to bind FliGMC suggests that it does not substitute for FliMM in the 
center of the rotor. If the additional FliYM domain were to be fixed in position it may partly 
account for the larger diameter of the rotor in FliY-containing bacterial such as Treponema 
primitia (Murphy et al., 2006) and the extra electron density clearly visible at the bottom of the 
C-ring in Leptospira interrogans (Raddi et al., 2012).  
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Figure 2.6. Model of FliY. Model derives from crystal structures of the middle domain (Protein 
Data Bank code 4HYN) and the C-terminal 100 residues (Protein Data Bank code 1YAB). 
Secondary structure prediction suggests that the long linker is unstructured. The color pattern as 
defined in Fig. 2.1. 
 
The structure of T. maritima FliYM provides an atomic resolution model for a key component of 
the flagellar rotor of many bacteria and will aid the further exploration of rotor architecture in 
these species. 
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Supplemental Information 
 
 
 
 
Figure 2.7. FliYFL cloning and expression. (A) The reported genomic DNA sequence of FliY 
lacked a guanine base which led to the disruption of the open reading frame. On sequencing PCR 
cloned genomic DNA a guanine base (# 479, shown in bold) was found intervening the genes. 
This lead to the expression of a fusion protein ending at residue 343. (B) SDS PAGE gel 
showing the expression of full length TmFliY. 
Figure 2.8. Sequence alignment of T. maritima FliMM, FliYM, CheC, and CheX. Secondary 
structure elements of FliYM are similar to FliMM and CheC than CheX except for in the region 
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c2ʹ/α ʹ/β  ʹ (red box). The conserved active site residues are highlighted in black boxes. 
Highlighted in orange is the conserved FliG binding motif GGXG of FliM aligned to the GGXG 
motif of FliY. Residues involved in FliM:FliM contacts in the rotor are highlighted in yellow 
(Park et al., 2006). 
 
 
Figure 2.9. Superposition of FliYM on CheC (dark purple), CheX (red), and FliM (green). 
Superpostions were carried out by aligning the conserved β-strands of the central β-sheet. 
 
 
 
Figure 2.10. Chromatogram of the light scattering data of FliYFL (solid line), FliYNM (dotted 
line), and FliYM (dashed line). 
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Figure 2.11. Sequence alignment of the CheY binding motifs of B. subtilis FliY, T. maritima 
FliY, T. maritima FliM, E. coli FliM, and E. coli CheZ. The linker region to the first helix in 
the middle domain is indicated. The span of residues that encompass the CheY binding motif are 
boxed. Highlighted in gray are residues involved in interaction with CheY, as observed in the E. 
coli CheY FliMN cocrystal structure (Lee et al., 2001a; Lee et al., 2001b; Dyer et al., 2004). 
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Chapter 3 
Structural studies on ternary and binary complexes formed by Thermotoga maritima switch 
complex proteins 
3.1 Introduction: 
Biochemical assays have revealed interaction between the switch complex proteins FliG, FliM, 
and FliN, but structure of the ternary complex is unknown (Brown et al., 2005; Mathews et al., 
1998; Passmore et al., 2008; Sarkar et al., 2010; Toker and Macnab, 1997). Switching of the 
motor rotation sense is the terminal step in the chemotaxis signaling pathway, however its 
mechanism of switching remains unclear largely due to the lack of detailed structural 
information on how the switch is constructed. As mentioned in Chapter 2, the switch complex in 
Gram-positive bacteria is different from the model system Escherichia coli due to the presence 
of the rotor protein FliY. Not much is known about the arrangement of FliY in the switch 
complex as a high resolution image of the rotor is not available from species that contain FliY. 
Cryo electron microscope (EM) images of the cytoplasmic C-ring in Gram-positive bacteria 
shows a larger diameter than found in C-rings of Gram-negative bacteria. This larger diameter 
may be attributed to the bulk caused by a large protein present at the base, i.e. FliY (Murphy et 
al., 2006; Raddi et al., 2012). We have aimed to reconstitute the ternary complex comprising of 
FliGMC, FliMFL, and FliYFL from Thermotoga maritima to study its structure and biophysical 
properties. A low-resolution structure of crystals grown from the ternary complex reveals a 
curved assembly of FliG and FliM. 
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3.2 Experimental Procedures: 
3.2.1 Protein preparation: The genes encoding TmFliYFL (residues 1-343), TmFliMFL (residues 
1- 328), TmFliMM (residues 46-242), TmFliGMC (residues 104 -335), and TmFliGM (residues 
117-195), were cloned from T. maritima genomic DNA (obtained from American Type Culture 
Collection). For co-expression purposes TmFliMFL was digested into the dual vector pCDF 
(Novagen) using NdeI and XhoI restriction sites. It was co-transformed with TmFliYFL in 
pET28a vector (Novagen) into E. coli strain BL21-DE3 for co-expression.  
Cells were induced with 100 M Isopropyl -D-1-thiogalactopyranoside (IPTG) at optical 
density 0.6 and were grown overnight at 25 °C. Proteins were purified using Nickel-NTA affinity 
chromatography and the His6-tag on TmFliYFL was cleaved using thrombin overnight. The co-
expressed proteins were further purified using size-exclusion chromatography (SEC, Superdex 
200; Pharmacia Biotech). Fractions that correspond to two bands of the appropriate molecular 
weight on the SDS PAGE gel were concentrated in GF buffer (50 mM TRIS, pH=7.5, 150 mM 
NaCl) containing 5mM dithiothreitol (DTT). 
For co-crystallization efforts with truncated proteins TmFliMM, TmFliGM, and TmFliYFL, each 
protein was purified separately using Ni-NTA column chromatography, and SEC following 
overnight cleavage of the His6-tag with thrombin. Samples were concentrated in GF buffer (50 
mM TRIS, pH=7.5, 150 mM NaCl) with TmFliMM having an additional 2mM DTT in the buffer. 
3.2.2 Crystallization and data collection: Crystals were obtained by vapor diffusion method at 
room temperature from a 2 L drop containing 1 L of well solution (0.1M imidazole, pH 6.5, 
1.0 M sodium acetate trihydrate; Hampton research) and 1 L of a mixture of three proteins 
TmFliYFL, TmFliMM, and TmFliGM. Crystals were observed in 5 days. Crystals were optimized 
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by varying precipitant concentration and pH of buffer to obtain better diffraction quality crystals. 
Data was collected at Cornell High Energy Synchrotron Source (CHESS), station A1 using the 
ADSC Quantum 210 CCD detector. Crystals were briefly soaked in 30 % glycerol before data 
collection. 
3.2.3 Structure determination and refinement: HKL2000 (Otwinowski and Minor, 1997) was 
used to scale the data set. The structure of the complex was obtained by PHENIX AutoMR 
(Adams et al., 2010). PDB entries 3SOH (TmFliMM:TmFliGM structure) and 4HYN (TmFliYM) 
were used as search models. Solutions were obtained with only 3SOH. There were 11 
TmFliMM:TmFliGM subunits in the asymmetric unit. No residual density was found to fit in 
TmFliY. The structure was refined using autorefine in PHENIX (Adams et al., 2010). 
3.3 Results: 
3.3.1 Reconstituting the ternary complex in T. maritima: Expression level of TmFliMFL is 
very low by itself. We therefore tried to express TmFliMFL with TmFliYFL which interacts with 
TmFliM via the C-terminal domain (TmFliMC). This interaction between TmFliMC and C-
terminus of TmFliY (also known as FliN in E. coli) is very strong and survived through different 
purification procedures (Brown et al., 2005). TmFliYFL was co-expressed with TmFliMFL as 
described under experimental procedures. 
To reconstitute the ternary complex, TmFliGMC and TmFliYFL:TmFliMFL were separately grown 
and purified using affinity column. His-tags on TmFliGMC and TmFliYFL in TmFliYFL:TmFliMFL 
were cleaved using thrombin. They were then mixed and incubated for few hours before passing 
it through the size exclusion column. We observed a shift in the elution peak towards higher 
molecular weight indicating an interaction between TmFliGMC and TmFliYFL:TmFliMFL (Fig. 
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3.1). Crystallization efforts using reconstituted TmFliYFL:TmFliMFL:TmFliGMC were 
unsuccessful despite several attempts with a large range of precipitants and buffers.  
The molecular weights of TmFliYFL and TmFliMFL are very similar, 37.9 and 37.8 kDa 
respectively, which makes it difficult for us to decipher if both the proteins are co-expressed 
using a SDS PAGE analysis. TmFliY does not interact with TmFliG as shown in Chapter 2 and it 
is a known fact that FliM interacts with FliG very strongly (Brown et al., 2002; Brown et al., 
2007; Lam et al., 2013; Passmore et al., 2008; Sircar et al., 2013; Vartanian et al., 2012). Co-
elution of TmFliGMC with TmFliYFL:TmFliMFL served as a proof that TmFliM is expressed (Fig. 
3.1). 
   
Figure 3.1. Size exclusion chromatography of ternary protein complex. Size exclusion 
column chromatography of TmFliGMC (blue), TmFliYFL (red), TmFliYFL:TmFliMFL (green), 
TmFliYFL:TmFliMFL:TmFliGMC (orange). Shift in the elution peak of 
TmFliYFL:TmFliMFL:TmFliGMC from TmFliYFL:TmFliMFL towards higher molecular weight 
suggests the interaction between the components. Samples corresponding to the main peaks were 
run on SDS PAGE gel showing the expression of TmFliYFL:TmFliMFL and 
TmFliYFL:TmFliMFL:TmFliGMC respectively. 
 
3.3.2 Structure of the TmFliGM:TmFliMM binary complex: It is difficult to crystallize the 
switch complex composed of full length proteins. The full length proteins do not express well. 
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The flexible linkers connecting the domains of the proteins are possible sites for cleavage. 
Crystallization efforts involving larger fragments of rotor protein resulted in crystals of smaller 
fragments which resulted after tryptic digestion of the flexible linkers. We thus aimed to 
crystallize certain domains of the protein which are known to interact, obtain information from 
those complexes and then attempt to weave in the missing information together by lower 
resolution structural techniques. In an effort to crystallize TmFliMM, TmFliGM and TmFliYFL we 
crystallized the binary complex of TmFliGM and TmFliMM instead. The crystals diffracted to 4.3 
  but molecular replacement (MR) worked successfully due to the availability of a search 
model. As known through various biochemical experiments FliMM interacts with FliGM through 
the GGPG motif of FliM. The electron density of the GGXG motif was absent in the crystal 
structure of TmFliMM (Park et al., 2006). However, this motif was ordered in presence of the 
binding partner in the co-crystal (Paul et al., 2011). The surface of contact between TmFliGM and 
TmFliMM involved the EHPQR motif of TmFliG and the loop containing the GGXG motif. In 
the asymmetric unit the TmFliMM molecules are arranged in an antiparallel fashion interacting 
through the long helices, α1 and α1ʹ from each molecule. This leads to the arrangement of two 
TmFliG binding regions to opposite extremes (Fig. 3.2).  
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Figure 3.2. Antiparallel arrangement of TmFliMM:TmFliGM heterodimer. Cartoon 
representation of the heterotetramer of TmFliMM (tan) and TmFliGM (aqua). The interaction is 
mediated via the and ʹ helices of each TmFliM molecule. 
3.4 Discussion: 
TmFliMM:TmFliGM crystallizes with 11 molecules present in the asymmetric unit. Interestingly, 
seven such subunits generated a curvature which mimicked a portion of a ring. Generation of 
five equivalent segments created a closed ring of diameter ~ 43 nm. This value is very close to 
the 45 nm diameter of the C-ring observed in the EM image (Thomas et al., 2006). A ring of 
radius and stoichiometry consistent with the C-ring (15 TmFliMM:TmFliGM heterotetramers in 
an antiparallel arrangement and five TmFliGM:TmFliMM heterodimer in a parallel arrangement) 
is quite surprising given the orientation of the subunits and current thinking regarding C-ring 
architecture (Fig. 3.3). 
An EM image of the flagellar rotor from Salmonella typhimurium showed the symmetry to 
fluctuate between 32- to 36-fold (Thomas et al., 2006). Previous cross-linking experiment on 
TmFliM also shows that 35 copies of TmFliMM generate a C-ring of radius 45 nm (Park et al., 
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2006). 35-fold symmetry of the ring observed here is in good agreement to what has been 
observed before. 
This antiparallel arrangement was previously observed in TmFliMM and TmCheC (a phosphatase 
very similar in structure to TmFliMM) crystal structures (Park et al., 2004; Park et al., 2006). The 
relevance of such an arrangement in the C-ring is questionable as it places alternating TmFliG 
molecules pointing upwards and downwards. The downward facing molecules are unavailable 
for binding to the stator (Lloyd et al., 1996). In the next chapter we have tested the relevance of 
such an arrangement in solution using a combination of pulsed dipolar electron spin resonance 
spectroscopy, cross-linking experiments. 
 
Figure 3.3. Arrangement of TmFliMM:TmFliGM in the asymmetric unit (A) Ribbon 
representation of a segment of the asymmetric unit showing three TmFliMM:TmFliGM 
heterotetramers in antiparallel arrangement and a heterodimer by itself (from left to right). 
TmFliMM is represented in tan and TmFliGM is represented in aqua (B) Top view of the segment 
showing the curvature. (C) Top view of the ring generated from this segment by applying an 
appropriate rotation matrix to generate a closed structure. The ring contains 35 copies of 
TmFliGM:TmFliMM. 
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Table 3.1. Data collection, phasing and refinement statistics                                        
Data Collection 
Space group                                    P212121                          
Unit cell (Å)                                     a = 105.40, b = 216.25, c = 262.21 
Resolution range (Å)                      50 – 4.3 (4.37- 4.3)a 
b
Rmerge                                            0.105 (0.389)
 a
 
I/I    11.7 (3.0) a 
Completeness (%)                          98.8 (98.7)
 a
 
Refinement 
No. of reflections                          40483 
R work/R free                                0.241/0.281 
No. of atoms    
Residues                    186 (#46-231) for each chain of FliM,  
                                                      75 (#113 -187) for each chain of FliG 
Geometry (r.m.s.d.)
c
 
Bond lengths (Å)                           0.008 
Bond angles (°)                             1.3 
 
a
Highest resolution range for compiling statistics 
b
Rmerge = i |Ii -<I>| / iIi 
c
r.m.s.d., root mean square deviation 
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Chapter 4 
Probing the Structure of Flagellar Switch Complex from Thermotoga maritima using 
Pulsed ESR Spectroscopy 
4.1 Introduction: 
Bacteria move towards a favorable environment or away from an unfavorable one by switching 
the direction of flagellar rotation between clockwise and counter clockwise. Rotation of the 
flagellum is controlled by the switch complex of the cytoplasmic C-ring, a core rotor complex 
present at the base of flagella (Berg, 2003; Kojima and Blair, 2004; Sowa and Berry, 2008). The 
switch complex is composed of the three conserved proteins FliG, FliM, and FliN, each present 
in several copy numbers. This complex is essential for torque generation, switching and flagellar 
assembly. FliG functions directly in torque generation. The rotor protein FliM is the primary 
component involved in directional switching by interacting with the signaling protein 
phosphorylated CheY (CheY-P) and FliN is essential for flagellar export.  
Rotation of the flagella involves the movement of the rotating part, the rotor, with respect to the 
stationary part, the stator. The stator, embedded in the membrane, is composed of MotA and 
MotB, which act as proton channels (Blair and Berg, 1991; Braun and Blair, 2001; Chun and 
Parkinson, 1988; Lloyd and Blair, 1997). The C-terminal domain of FliG (FliGC) contains 
conserved charged residues that interact with MotA (Lloyd and Blair, 1997; Lloyd et al., 1999; 
Thormann and Paulick, 2010). FliG has two other conserved patches of residues for interaction 
with FliM: these are a conserved hydrophobic patch along the C-terminus and an EHPQR motif 
in the middle domain (Brown et al., 2007). Another conserved motif of FliG is the Gly-Gly 
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residues at the C-terminal end of the linker joining FliG middle domain (FliGM) to FliGC. This 
motif is thought to confer flexibility to the two domains (Brown et al., 2002; Lee et al., 2010). 
Another component involved in switching is FliM (Sockett et al., 1992). Its amino terminal is 
known to interact with phosphorylated CheY (CheY-P) (Bren and Eisenbach, 1998; Park et al., 
2006b; Toker and Macnab, 1997; Welch et al., 1993). CheA phosphorylates CheY at the poles. 
CheY-P then diffuses through the cytosol to the flagellar rotor (Armitage, 1999). When 
concentrations of CheY-P are low the cells continue to swim smoothly in a straight line. At 
higher concentrations of CheY-P the cells randomly reorient. Alternating between smooth swims 
and reorientation allows the bacteria to move up the attractant gradient (Berg and Brown, 1972; 
Macnab and Koshland, 1972). Binding of CheY-P to FliM (and FliN) is assumed to create a 
conformational change in FliG, resulting in a rearrangement at the FliG-MotA surface (Ahn et 
al., 2013; Lam et al., 2012; Park et al., 2006b; Sarkar et al., 2010a; Welch et al., 1993; Zhou et 
al., 1998). This causes the motor to rotate in clockwise direction. FliM is positioned right below 
FliG in the C-ring. The middle domain of FliM interacts with FliG through the conserved GGXG 
motif (Lam et al., 2013; Mathews et al., 1998; Paul et al., 2011b; Toker and Macnab, 1997; 
Vartanian et al., 2012). The C-terminal region of FliM interacts with FliN the other rotor protein 
and together they form the lower part of the C-ring (Brown et al., 2005; Sarkar et al., 2010b). In 
some genera like Thermotoga and Bacillus, the amino terminus of FliN is fused to an additional 
phosphatase domain, known as FliY (Bischoff and Ordal, 1992b; Bourret and Silversmith, 2010; 
Muff and Ordal, 2008; Silversmith, 2010; Sircar et al., 2013; Szurmant et al., 2003).  
Structures of all the switch complex proteins are now available and an overall organization of the 
protein components was modeled based on co-crystal structures and biochemical assays (Brown 
et al., 2002; Brown et al., 2005; Lam et al., 2013; Lee et al., 2010; Lloyd et al., 1999; Lowder et 
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al., 2005; Lux et al., 2000; Mathews et al., 1998; Minamino et al., 2011; Park et al., 2006b; Paul 
et al., 2011b; Sourjik and Berg, 2000). Each switch complex protein is present in different copy 
numbers making their arrangement in the C-ring complex. Several models have been proposed to 
explain the symmetry mismatch between FliG (26 copies) and FliM (34 copies) but none have 
been fully tested and distinguished (Brown et al., 2007; Park et al., 2006b; Thomas et al., 2006). 
Extensive research on the flagellar motor gives us information about the molecular components 
involved but there is still much unanswered regarding the structure of the signaling complex and 
the molecular mechanism of rotational switching. The complex interactions involving a large 
number of membrane associated proteins makes it difficult to understand motor action and 
regulation. 
X-ray crystallography allows us to obtain high-resolution structures of protein complexes; 
however direct measurements on how they assemble to form higher-order assemblies has not yet 
been achieved. Also, the solid state structure from crystals of components may not well represent 
the solution state structure, or the structure in the assembled flagella. Electron spin resonance 
(ESR) spectroscopy combined with site-directed spin labeling (SDSL) has emerged as one of the 
powerful techniques to study the structure and dynamic nature of the proteins (Columbus and 
Hubbell, 2002; Fanucci and Cafiso, 2006). SDSL is the method to introduce paramagnetic 
centers in to biomolecules which generally does not contain an endogenous paramagnetic center 
(Altenbach et al., 1989; Cornish et al., 1994; Steinhoff et al., 1994). The spin-labels are 
introduced in the protein by mutating a surface exposed residue to cysteine and treating it with 1-
oxyl-2,2,5,5-tetramethylpyrolinyl-3-methyl)-methane sulphonate (MTSSL). This technique of 
SDSL is simple and is frequently used. The label is small enough to not affect the protein 
structure, however, the function of the labeled protein should always be compared to the WT to 
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check for any perturbation (McHaourab et al., 1996). These labels act as reporters for the 
surrounding environment, allowing us to measure the distances to other paramagnetic centers in 
the protein. SDSL combined with continuous wave ESR has been used for not over 20 years to 
measure distances up to 20   (Crane et al., 2005; Cuello et al., 2004; Dong et al., 2005). Double 
labeling combined with pulsed methods increases the distance range that can be measured 
(Borbat and Freed, 2007). Pulsed dipolar electron spin resonance spectroscopy (PDS) measures 
distances between specifically placed spin-labels using their magnetic dipolar coupling. By the 
application of PDS distances of up to 80   can be monitored under modified conditions (Borbat 
et al., 2004; Jeschke et al., 2004). This technique provides the long-range distance restraints 
necessary to map the architecture of multicomponent complexes. To investigate how individual 
domains are arranged and how conformational changes accompany switching in solution, we 
applied spin-labeling techniques with PDS (Bhatnagar et al., 2010; Borbat and Freed, 2007). 
Because PDS is not restricted by the size of the protein we can map higher order complexes 
(Jeschke, 2012). The time domain signal which reflects the dipolar coupling energy is processed 
to obtain the distance distribution data.  
The low-resolution electron microscope (EM) images of the intact flagellar rotor from WT and 
the FliFFliG fusion deletion mutant from Salmonella typhimurium, and Borrelia burgdorferi 
further our understanding of the rotor architecture (Liu et al., 2009; Thomas et al., 2001; Thomas 
et al., 2006). These images along with protein binding assays, cross-linking experiments is 
indicative of the positions of the rotor proteins (Brown et al., 2007; Lowder et al., 2005; Park et 
al., 2006b; Paul and Blair, 2006; Paul et al., 2011b). However, the positions of the relative 
domains of the proteins are ambiguous (Brown et al., 2007; Paul et al., 2011b; Thomas et al., 
2006). The structure of Thermatoga maritima (Tm) FliG middle domain (FliGM) with TmFliM 
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middle domain (FliMM) (Lam et al., 2013; Paul et al., 2011b), TmFliG middle and C-terminal 
domain (FliGMC) with TmFliMM (Vartanian et al., 2012) gave us key insights into the association 
mode of two switch complex proteins. Using the FliM:FliG crystal structures and data based on 
cross-linking experiments (Park et al., 2006b) we built three models for parallel and antiparallel 
arrangement of the FliM:FliG heterotetramer. The first model is the antiparallel arrangement of 
FliM and FliG based on the crystal structure described in Chapter 3. The second model is the 
FliMM:FliGMC co-crystal structure (PDB 4FHR) (Vartanian et al., 2012). For this crystal 
structure, the electron density for FliG residues 185 to 196 was missing. The third model is based 
on the FliGMC structure (PDB 3AJC) (Minamino et al., 2011). In this structure the electron 
density between residues 185 to 196 is not observed. The connection between FliGM and FliGC 
could be within the same molecule or with the adjacent molecule. Beneath the FliGM molecule 
the FliMM protomers are arranged in parallel arrangement. The heterotetramers in models II and 
III are generated based on cross-linking experiments on FliMM (Park et al., 2006b; Paul et al., 
2011b) (Fig. 4.1). Using these models as our reference, PDS was conducted on spin-labeled FliM 
and FliG, individually or in mixture. 
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Figure 4.1: Possible arrangements of FliM and FliG in the C-ring. Model I is an antiparallel 
dimer of the heterodimer of FliM:FliG as observed in the structure mentioned in Chapter 3. 
Model II is a parallel dimer of heterodimer of FliM:FliG as seen in the FliMM:FliGMC crystal 
structure (PDB 4FHR). Model III is based on the FliGMC crystal structure (PDB 3AJC), with a 
parallel arrangement of FliM under it. 
 
In this study we have probed the association properties of T. maritima FliG and FliM using PDS, 
cross-linking, and multiangle light scattering (MALS) experiments. Mutations in the C-terminal 
domain of FliG affected the domain interface of a FliG dimer that forms in solution. These 
observations were complemented by MALS, which provided similar support for a FliG dimer. 
We herein report that in the soluble complexes, FliG and FliM interacts through their middle 
domains in a 1:1 mode, but higher order structures involve contacts made by FliGC The 
interaction between FliGM and the FliGC of the adjacent molecule results in the generation of an 
array in the C-ring and would explain the high degree of cooperativity observed on switching. 
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4.2 Experimental procedures: 
4.2.1 Cloning, mutagenesis and spin labeling: The genes encoding T. maritima FliGMC 
(residues 116-335), FliMNM (residues 1-249), and CheY were PCR cloned from T. maritima 
genomic DNA (obtained from the American Type Culture Collection) into the vector pET28a 
(Novagen) and expressed with a His6-tag in an E. coli strain BL21-DE3. Point mutations to 
cysteine residues on FliGMC (K160, K174, L208, E305), and FliMNM (E60, D121, M131, R141, 
S167) and tryptophan residues on FliGMC (Q129, I204, L227) were introduced by QuikChange 
(Stratagene) or overlap extension and mutations were confirmed by sequencing. E. coli cultures 
transformed with our vectors were grown overnight at room temperature after induction with 100 
M Isopropyl -D-1-thiogalactopyranoside (IPTG) at the optical density of 0.6 at 25 °C. Cells 
were collected by centrifugation, frozen and stored in -80 °C. Frozen cells were thawed and 
resuspended in lysis buffer (25 mM HEPES, pH 7.5, 500 mM NaCl, 5 mM imidazole). Cells 
were sonicated and centrifuged at 22000 rpm for 1 hr at 4 °C. The wild type protein samples 
were purified by Ni-NTA affinity chromatography and further purified by size exclusion 
chromatography after cleaving the His6-tag with thrombin. E. coli cultures expressing cysteine 
mutants were processed as described above. Cell lysates were applied to the Ni-column. 5-10 
mM MTSSL (Toronto research, Toronto, ON) spin-label was added to the column, incubated at 
room temperature for 4 hrs then overnight at 4 °C. The next day thrombin was added to cleave 
the His6-tag. Samples were eluted after overnight incubation with thrombin. They were further 
purified on size-exclusion column (Superdex 75 or Superdex 200; Pharmacia Biotech) and 
concentrated in GF buffer (50 mM TRIS, pH=7.5, 150 mM NaCl).  
4.2.2 Sample preparation for PDS: Spin-labeled proteins as well as unlabeled proteins were 
aliquoted in small volumes and stored at -80 °C after flash freezing. The samples were prepared 
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by incubating FliGMC (50 µM) and FliMNM (50 µM) (labeled or unlabeled proteins) for 30 
minutes on ice in GF buffer with 40% glycerol before flash-freezing them in liquid N2 for the 
PDS measurement. 
4.2.3 PDS Measurement: The experiments were carried out at 60 K. The magnetic dipolar 
coupling A (r, between two spin labels A and B, separated by a distance, r, is given by  
A (r,d 3cos
2 
The dipolar coupling constant, d is, defined as e
2ħ /r3 (e is the gyromagnetic ratio of the 
electron, ħ is the Plank’s constant divided by   and is the angle between the external 
magnetic field Bo and the vector r). Primary echo is applied to spins A, which resonates at A. A 
second pump pulse of frequency B (value different from A) is applied only to excite spins B 
at varying time delays during the evolution of the A spin echoes. This inverts the coupling with 
A and changes the frequency of A such that the amplitude of the A echo is modulated at a 
frequency dependent on the dipole coupling strength. 
Four pulse double electron electron resonance (DEER) experiment were conducted on a 17.3 
GHz FT ESR spectrometer, which is modified to perform PDS experiments (Bhatnagar et al., 
2010; Borbat et al., 1997; Park et al., 2006a). The baseline used for data processing was 
approximated by a linear polynomial. Distance distributions of spin separations within the 
sample were calculated by the Tikhonov method (Chiang et al., 2005a) and refined by the 
maximum entropy regularization method (MEM) (Chiang et al., 2005b). 
4.2.4 Spin-labeling efficiency: The modulation depth for N-coupled spins represents the fraction 
of A spins effected by B-spin pumping and is given by Δ(p) = (1-(1-p))N-1. For a pair of spins, 
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modulation depth becomes p provided there is 100% spin-labeling. For incomplete spin labeling 
the modulation depth is a function of spin-labeling efficiency (f), Δ (p,f) = (1- (1-fp))N-1. The 
pulse sequence used for the control experiments to calculate the spin-labeling efficiency had 
pulse widths of 16 ns -32 ns -32 ns and a pump p pulse of 32 ns. For the 17.3 GHz spectrometer, 
p is approximately 0.23 for the above mentioned pulse sequence. The spin-labeling efficiency 
was calculated for the control experiments using the modulation depth for those experiments. 
4.2.5 Disulfide cross-linking studies: Cross-linking studies on FliM and FliG were performed 
according to Bass, et al. with minor modifications (Bass et al., 2007). Copper-phenanthroline 
was used as the oxidant. Concentrated proteins were in GF buffer. However, the volume of the 
reaction mixture was made up with disulfide reaction buffer, as mentioned in (Bass et al., 2007). 
Final concentration of each protein was kept at 6 µM with the Copper-phenanthroline 
concentration at 2 mM. The reaction volume for each reaction was kept constant at 10 µL. 8 µL 
of the reaction was quenched with equal volume of 2X SDS with 10 mM imidazole after 1 hr of 
incubation. 15 µL of this mixture was run on the SDS gel after heat treatment at 90 °C for 2 
minutes. For each sample, a control at the zero time point was collected and quenched before the 
addition of the initiator stock. 
4.3 Results: 
4.3.1 Spin-label positions: Here, we are exploring the arrangement of the switch components in 
soluble complexes. For labeling sites, we mutated five residues on FliMNM (E60, D121, M131, 
R141, S167) and four residues on FliGMC (K160, K174, L208, E305) to cysteine (Fig. 4.2). It is 
important to mention here that FliM has a native buried cysteine (Cys 214), which was not 
mutated. Spin-labeling efficiency of this native cysteine is ~ 5 %, hence this position does not 
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contribute to the PDS signal. Experiments on singly labeled proteins with unlabeled partners 
were performed first. Under these conditions, oligomerization of the FliM:FliG heterodimer to 
generate the heterotetramer would yield one distance. This would allow us to obtain FliM:FliM 
and FliG:FliG distances in the higher order complexes. 
  
Figure 4.2. Spin-label positions on FliM and FliG. Ribbon representation of FliMM (tan) and 
FliGMC (aqua) indicating the positions of the spin-labels (grey spheres) Positions of spin-label on 
FliMM (PDB 2HP7) and two different FliGMC structures (PDB 1LKV, center and PDB 4FHR, 
right) are shown. The structures differ with respect to the position of the helix joining the two 
domains. 
4.3.2 Spin-labels on FliGM: Two surface-exposed residues K160 and K174 were chosen in the 
middle domain of FliG such that the parallel and antiparallel arrangements of the FliM:FliG 
complex would yield different distances. The distance distribution data of FliG  160 with 
unlabeled FliM yields a distance of about 47  , close to that expected for a parallel arrangement 
but too short for the distance expected from an antiparallel arrangement (Table 4.1). For FliG 
K174 we observed a very wide distance distribution with Rmax of 32  , which is close to the 
distance expected for a parallel arrangement (Table 4.1). Based on those results from FliG K160 
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and FliG K174, the parallel arrangement is likely present in solution. However, the possibility of 
a mixture of both parallel and antiparallel arrangement cannot be ruled out as extracting an 
accurate distance of 70   in the presence of a shorter distance is difficult. The broad distribution 
for K174 could result from a mixture of distances from two different arrangements. Nonetheless, 
we can conclude that the major configuration is parallel. 
4.3.3 Spin-labels on FliMM: PDS was performed with spin-labels on three sites of FliMM. Two 
sites, E60 and S167 are present along the helices 1 and 1ʹ, respectively. These residues are 
located close to the edge of the molecule. The third site D121 is present along 3, close to the 
center of the molecule. All three sites produce only very weak dipolar signals when FliM is 
alone, which indicates that the protein is monomeric. Both the middle domain and C-terminus of 
FliG is necessary to see a strong dipolar signal as shown by the time domain signal of FliM E60 
(Fig. 4.3). This indicated FliGMC associates the FliM molecules (Bonet, 2010).  
 
Figure 4.3. FliG dependent oligomerization of FliM. Time domain data of FliM E60 showing 
increase in FliM dimerization in presence of both the domains of FliG, but not FliGM or FliGC. 
Figure adapted from Bonet, 2010. 
When FliM is in complex with unlabeled FliGMC, the spin-label on FliM E60 leads to a peak in 
the distance distribution of around 30   and a smaller peak around 46  . The spin-label on D121 
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gave a distance distribution with the Rmax of 54  . Results obtained from spin-labels on FliM 
were not conclusive about the nature of the FliM arrangement (Bonet, 2010). 
Table 4.1: The Cβ-Cβ distances as expected from different models. The experimentally observed 
ESR distances are tabulated in the last column. Provided are the ESR distances in which there 
are closely related multiple peaks and the Rmax of the major peak along with the distance range. 
Semicolons separate multiple distances within the same distance distribution. 
 Model I 
distances ( ) 
Model II 
distances ( ) 
Model III 
distances ( ) 
ESR distances 
( ) 
MM:MM     
60:60 26 31.9 31.2 30; 46 
121:121 45.8 31.2 30.7 54 
167:167 20.5 34.6 33.9 30, 21-38; 48 
GM:GM     
160:160 67.0 31.3 31.3 48 
174:174 41.9 35.5 31.9 32, broad 
MM:GM     
60:160 40.4, 30.7 40.8, 56.1 40.5, 44.5, 56.9 31; 35;43 
121:160 20.5, 31.1 20.8, 42 20.9, 40.6, 33.8 20; 47 
167:160 44.5, 27.4 44.8, 60.9 44.5, 46.3, 62.4 31, 30-36; 44 
60:174 36.7, 23.6 35.9, 52.3 25.4, 41.4, 39.4 31, 25-35; 44 
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4.3.4 Inter-protein dipolar coupling with spin pair, on FliM and on FliG: Spin-labels 
introduced at FliM D121 and FliG K160 showed two distinct distance contributions, a very short 
component at ~20   and a longer one at  47  . The short distance when compared to the 
distances from the models, can be attributed to the FliMM:FliGM intermolecular distance in a 
heterodimer (Table 4.1). This distance is present in all the models, as the FliMM:FliGM 
interaction involving GGXG motif and EHPQR motif is conserved in all the models. The longer 
distance around 47   is a mixture of FliGM:FliGM homodimer distance, FliMM:FliMM 
homodimer distance and FliGM:FliMM intermolecular distances (in the tetramer). For the FliM 
E60 and FliG K160 spin pair, we observed a very wide distribution. In spite of the wide distance 
distribution we were able to isolate the peaks that overlap at the base. Based on the control 
experiments we assigned the peaks to FliMM:FliMM (3   ), FliGM:FliGM (48  ) and 
FliGM:FliMM (37  ) distances. FliM S167 and FliG K160 showed a wide bimodal distribution 
spanning about 40  , with a peak around 44   and another peak around 34  . 
4.3.5 Cross-linking experiments: In order to rule out the possibility of either parallel or 
antiparallel arrangement for the FliM:FliG heterotetramer, cross-linking experiments were 
performed. These experiments allowed us to test the proximity of cysteine residues on FliM in 
complex with FliG. The control experiment with WT FliM, which has a native cysteine did not 
show any cross-linked products in the presence or absence of FliGMC (data not shown). Targeted 
cross-linking was performed on single or doubly mutated FliM in presence of FliG, using 
residues that were previously identified to be cross-linked (Park et al., 2006b). We also tested 
FliM residue 164, which would cross-link only in the antiparallel arrangement. The cysteine 
pairs (64/185 and 57/185) in presence of an oxidant showed efficient cross-linking yielding 
dimers and multimers in presence of FliG. Cross-linking was also observed with the single 
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cysteine mutants (57, 64, and 164) in presence of FliG under identical experimental conditions. 
These cross-linked products however formed only dimers. For mutants 64 and 164, only an 
antiparallel arrangement of FliM (as expected from the C-C distances, Fig. 4.4 (C)) would 
allow the formation of cross-linked products. The antiparallel arrangement would also prevent 
the formation of multimers. Residue 57 is separated by a distance larger than the distance 
required for cross-linking in either the parallel or antiparallel arrangement (Fig. 4.4 (C)). The 
cross-linked product in that case could be a result from random collision. For the mutant 185 we 
did not observe any cross-linked product as expected from the C-C distance separation in either 
arrangement. Results of cross-linking experiments suggested a mixture of parallel and 
antiparallel arrangements in solution. 
  
Figure 4.4. Cross-linking studies on FliM in presence of FliG. (A) Positions of Cysteine 
residues on FliMM used for cross-linking study. (B) SDS PAGE gel showing cross-linking 
between 64 (lanes 1 and 2), 64/185 (lanes 3 and 4), 57 (lanes 5 and 6), 57/185 (lanes 7 and 8), 
164 (lanes 9 and 10), and 185 (lanes 11 and 12) Cys pairs. The odd numbered lane is the control 
for each pair, without the addition of initiator, the even numbered lanes denotes the product after 
1 hr of incubation with the initiator. (C) Table denotes the distances in   as e pected for a 
parallel and antiparallel arrangement of FliM in presence of FliG. 
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4.3.6 PDS on FliG mutants: The effect of mutations in TmFliG (129, 204, 227) that were 
previously reported to have disrupted FliG:FliM interaction (Brown et al., 2007) were probed by 
spin-labeling and PDS (Fig. 4.5).  
 
Figure 4.5. Positions of mutation on FliG that affect FliM:FliG binding. Positions of 
mutation (Q129, I204, and L227) and spin-label (K160, K174, L208, and E305) shown as grey 
spheres mapped on T. maritima FliGMC (PDB 1LKV). 
 
Mutating the key residue (Q129) involved in the FliG:FliM interaction in the middle domain of 
FliG leads to the loss of the FliGM:FliMM heterodimer distance as observed by the dipolar 
interactions of the FliG K160 and FliM D121 spin pair (Fig. 4.6) and the FliG K160 and FliM 
E60 spin pair (Fig. 4.7). However, for the other spin pair FliG K160 and FliM S167, overlap 
from the FliMM:FliMM homodimer and FliGM:FliGM homodimer distances made it difficult to 
isolate the effect of the mutation on the FliGM:FliMM separation.  
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Figure 4.6. Comparison of time domain signals and distance distributions for spin-labeled 
FliG K160:FliM D121 between WT and FliG Q129W. Time domain data (left) and 
corresponding distance distribution (right) for spin-labels at FliG K160:FliM D121 spin pair 
(orange) and on the FliG Q129W K160:FliM D121 spin pair (green). Absence of the short 
distance component ( 0  ) upon mutating the key interface residue FliG Q129W when 
compared to the WT clearly attributes that peak to the FliGM:FliMM intermolecular distance in 
the heterodimer. All distance distribution signals are scaled to a common value for ease of 
comparison. Inset shows the same PDS data without scaling.

 
Figure 4.7. Comparison of time domain signals and distance distributions for spin-labeled 
FliG K160:FliM E60 between WT and FliG Q129W. Time domain data (left) and 
corresponding distance distribution (right) for spin-labels on the FliG K160:FliM E60 spin pair 
(orange) and on the mutant FliG Q129W K160:FliM E60 spin pair (green). A loss in a peak at 
distance 40   due to the mutation FliG Q129W is attributed to the FliGM:FliMM intermolecular 
distance in the heterodimer. All distance distribution signals are scaled to a common value for 
ease of comparison. Inset shows the same PDS data without scaling. 

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For mutations in the C-terminal domain of FliG (I204 and L227), the FliGM:FliMM distance was 
not affected. A decrease in the signal amplitude was observed, which indicates a decrease in the 
number of molecules participating in the interaction. Interestingly, for both the FliG C-terminal 
mutants, we saw the peak around 48   disappear as measured for the spin pair FliG K160:FliM 
E60 (Fig. 4.8). This peak was assigned to FliGM:FliGM homodimer distance based on control 
experiments.  
 
Figure 4.8. Comparison of time domain signals and distance distributions for spin-labeled 
FliG K160:FliM E60 between WT and FliG I204W/ FliG L227W mutants. Time domain 
data (left) and corresponding distance distributions (right) for spin-labels at FliG K160:FliM E60 
spin pair (orange), FliG L227W K160:FliM E60 (red) and FliG I204W K160:FliM E60 spin pair 
(blue). A loss in a peak at distance 48   (indicated by arrow) due to the mutation is attributed to 
the FliGM:FliGM homodimer distance. All distance distribution signals are scaled to a common 
value for ease of comparison. Inset shows the same PDS data without scaling. 

In the crystal structure of the CW locked FliG (ΔPEV) mutant from Thermotoga maritima, 
residues 204 and 227 are involved in a hydrophobic interaction in the domain interface between 
FliGM and FliGC (Minamino et al., 2011). The FliGM:FliGC intermolecular interaction of adjacent 
molecules is also observed in crystal structures of TmFliGMC (PDB 1LKV) and Aquifex aeolicus 
FliGFL (PDB 3HJL). Mutating these residues to the bulky tryptophan disrupted the domain 
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interface. Multiangle light scattering experiments on these FliG mutants confirmed the loss of 
higher oligomeric states of the protein. Such a FliGC:FliGM+1 interaction is impossible in the 
antiparallel arrangement, disfavoring model I. Amongst the other two models, the loss of the 
FliGC:FliGM+1 stacking on mutation can only be explained by the intermolecular interaction 
between FliGM and FliGC of an adjacent molecule as might be possible in model III. 
4.3.7 Model validation: Based on results from the mutational studies we could further clarify 
the nature of the arrangement between FliG and FliM in solution, with model III providing the 
best fit to the available data. According to model III, PDS experiments with spin-labels on FliM 
and FliG respectively, would generate five distinct spin-spin separations upon oligomerization 
(Fig. 4.9). FliG:FliG homodimer distance (d1) would be generated by spin-labels only on FliG. 
Similarly spin-labels on FliM would generate the FliMM:FliMM homodimer distance (d2). These 
distances were measured as the control experiments before with PDS on spin-labeled protein 
with its unlabeled partner. Presence of both spins in a FliM:FliG heterodimer would generate the 
intermolecular distance d3. The other heterodimer in the tetramer would yield the same distance 
d3. Thus d3 contributes twice to the probability term (see equation below). The domains are 
arranged in a non-symmetrical fashion, generating two different intermolecular distances d4 and 
d5 in the tetramer. 
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Figure 4.9. Schematic representation of five distances in FliM (tan):FliG (aqua) tetramer. 
Grey spheres indicate the position of the spin-label on the proteins. d1 denotes the FliG:FliG 
homodimer distance, d2 the FliM:FliM homodimer distance, d3 the FliG:FliM intermolecular 
distance in the heterodimer, d4 and d5 designate two FliG:FliM intermolecular distances in the 
heterotetramer. 
For qualitative analysis we modeled our experimental data as the sums of five Gaussian 
functions. The probability of spin separation is then defined as  
P(r) = S x {(f1
2 
/1)G1 + (f22 /2)G2 + (2f1f2 /3)G3 + (f1f2 /4)G4 + (f1f2 /5)G5} 
where S is a normalization factor, G1, G2, G3, G4, and G5 are Gaussian means, 1,2, 3, 4, 
and 5 are standard deviations for the five distinct distance distributions respectively. f1 and f2 
are spin-labeling efficiencies for each spin. Non-linear curve fitting algorithm in OriginLab 
software was used to fit the experimental distance distribution into a sum of five Gaussian 
distributions. The Cβ-Cβ distances from the model and distances from control experiments were 
used as initial guesses for Gaussian means. They were changed in subsequent steps to improve 
the fitting. For the fitting process, widths were constrained to 6   or lower e cept for one spin 
that had a very wide distribution. For distance distributions from structured residues this value 
serves as the upper limit (Borbat et al., 2002).  
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For spin pairs FliG K160:FliM S167 and FliG K160:FliM E60 the distance d5 is large (62.4 Å 
and 56.9   respectively). For fitting purposes we did not consider those long distances as under 
the conditions of the experiment distances around 60   or larger cannot be measured accurately. 
For those spin pairs we used four Gaussian functions instead of five. The spin-labeling efficiency 
was obtained from the control experiment for one labeled site in the presence of the unlabeled 
partner as described in the experimental procedure section. Parameters used in one fit were 
simultaneously used to fit multiple distributions involving the same spin site. The overall good 
fit allowed us to gauge the quality of the parameters.  
The results obtained from the Gaussian fits matched well with the experimental distance 
distribution data. The consistency of the Gaussian fits was estimated from the adjusted R
2
 
parameter in the OriginLab software. This parameter ranged from 0.85 to 0.97 and indicated that 
the Gaussians agreed well to the observed distance distribution data. The small discrepancies 
between the calculated curve and the experimental distance distribution can be explained by the 
fact that the distance distributions are probably not exactly Gaussian, for reasons such as the 
spin-labels have preferred orientations in a given environment (Borbat and Freed, 2007). 
We extracted a total of 19 distances that were in good agreement with the C distances, yielding a 
rmsd of 7.0  . In T4 Lysozyme, 20 different distance measurements between residues yielded a 
rmsd of 6.9  ; this indicates that our deviations arise due to inherent differences between C 
distances and the paramagnetic atoms of the spin-label (Kazmier et al., 2011). It is interesting to 
note that d1 and d2 are not the same. Based on how the models II and III were generated we 
would expect them to be the same. The adjacent heterodimer was generated by simple translation 
of the molecule based on cross-linking experiments (Park et al., 2006b). Crystal structures 
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suggest a rigid arrangement but in solution the domains are very flexible as observed here by 
different d1 and d2 values. 
 
Figure 4.10. Qualitative analysis of distance distribution data. (A) Ribbon representation of 
the FliMM:FliGMC model used in fitting. The lighter teal color indicates the interaction between 
FliGM domain and FliGC domain of the neighboring molecule. Broad distance distributions of 
spin pairs (B) FliG K160:FliM E60, (C) FliG K160:FliM S167, (D). FliG K160:FliM D121, (E) 
FliG K174:FliM E60, and (F) FliG K174:FliG E305. The orange line is the experimental 
distance distribution. The black line is the envelope of the four or five fitted Gaussians. Single 
Gaussians represents distances d1 (solid beige), d2 (solid green), d3 (solid blue), d4 (solid pink) 
and d5 (solid grey). The arrows on top indicate the CCdistances as measured from the 
model. Only for (B) and (C) the distance distribution is fitted to four Gaussian functions instead 
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of five. For (F) d1 represents the FliG E305:FliG E305 distance, d2 represents the FliG 
K174:FliG K174 distance, d3 represents the FliG E305:FliG K174 intramolecular distance, d4 
and d5 represent intermolecular distances between the two sites. (G) Distances obtained from the 
Gaussian fits versus those measured from model III. 
 
4.3.8 Probing the interaction between TmFliGC and TmFliMM: In model III FliGC interacts 
primarily with FliGM of the adjacent subunit in a parallel arrangement. Mutational studies and 
cross-linking experiments clearly indicate the role of the conserved hydrophobic patch of FliGC 
in the interaction with FliM (Brown et al., 2007; Paul et al., 2011a; Paul et al., 2011b). Studies 
also suggest that the presence of CheY or CheY-P leads to alteration of the interaction between 
FliMM and FliGC (Dyer et al., 2009). To investigate the interaction between FliMM and FliGC in 
the T. maritima system, we performed pull-down assays with two FliGC variants 195-335 
(construct includes Gly-Gly motif) and 204-335 with FliMNM. No interaction was observed in the 
absence and presence of CheY or CheY-P (Fig. 4.11). We also investigated the interaction 
between FliGC and FliMNM using PDS by placing spin-labels on FliGC (E305) and FliM (E60, 
D121, S167) (data not shown). For most of the spin pairs, distance distributions obtained were 
weak and broad, making it difficult for us to isolate a FliGC:FliMM distance from FliMM:FliMM 
and FliGC:FliGC distances. Based on the cross-linking data from David Blair’s lab (Paul et al., 
2011a) we selected the same residues for SDSL hoping to observe a short distance indicative of a 
FliMM:FliGC contact. But we did not observe any short distance in such experiments. 
Unfortunately, the cysteine pair (M131 or R141 on FliM) was very close to the FliMM:FliGM 
interaction surface and introduction of the bulky MTSSL group disrupted the formation of 
FliG:FliM entirely. 
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Figure 4.11. Interaction between FliM and FliGC. Pull-down assay of FliMNM with FliGC 240 
(lanes 1-4) and FliGC 193 (lanes 7-10) in presence of CheY or CheY-P where indicated. Controls 
of FliMNM without tag (lane 5) in presence of CheY-P (lane 6) show some non specific binding 
to the affinity beads. No apparent binding is observed between FliMNM and FliGC (240 in lane 2 
and 193 in lane 9) nor was it observed in presence of CheY (240 in lane 3 and 193 in lane 8) or 
CheY-P (240 in lane 4 and 193 in lane 7). 
 
4.3.9 Effects of CheY or CheY-P on the FliM:FliG complex: Pulsed ESR experiments provide 
us with information as to how the individual domains change juxtaposition when CheY/CheY-P 
(or activated CheY) binds to the amino terminus of FliM. Spin-labels on different positions of 
FliMM shows differential changes when CheY/CheY-P is present along with unlabeled FliGMC. 
An increase in signal amplitude with spin-label at position FliM E60 (Fig. 4.12 (A)) and FliM 
D121 (Fig. 4.12 (C)) with CheY (purple) and CheY-P (yellow) indicates that CheY brings two 
FliM molecules in close proximity and this interaction decreases the flexibility making the 
FliMM domains very rigid. A weak, broad signal is observed with FliM E60 and unlabeled 
FliGMC. Addition of CheY or CheY-P to the system resulted in a sharp peak around 30   and a 
tiny peak around 47  . For FliM D121 and unlabeled FliGMC the peak is slightly sharpened in 
presence of CheY or CheY-P. Spin-label at S167 showed the opposite effect. The peak was 
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flattened in presence of CheY-P indicating increased conformational flexibility (Fig. 4.12 (B)) 
(Bonet, 2010).  
 
Figure 4.12. Conformational changes FliM undergoes in presence of CheY and CheY-P 
using PDS: Distance distribution for spin-label at (A) FliM E60:FliG (orange) spin pair, in 
presence on CheY (purple) and CheY-P (yellow) (B) FliM S167:FliG (orange) spin pair in 
presence of CheY(purple) and CheY-P (yellow) (C) FliM D121:FliG (orange) spin pair in 
presence of CheY(purple) and CheY-P (yellow). For this set of experiments phosphono CheY 
was used as the activated CheY. Figure adapted from Bonet, 2010. 
4.4 Discussion:  
Combining data from PDS, cross-linking and MALS experiments, a model was built for the 
FliM:FliG arrangement in the upper region of the C-ring. Our mutational study clearly indicates 
that FliM and FliG interact in the ratio of 1:1 via their middle domains. Higher oligomeric 
structures are mediated through interaction between FliGC and FliGM+1 as observed before in 
crystal structures of FliG by numerous groups (Brown et al., 2002; Lee et al., 2010).  
4.4.1 Parallel arrangement of FliM and FliG mediated by the FliGC:FliGM+1 interaction: 
We have shown here that the antiparallel arrangement of FliM and FliG as observed in the 
crystal structure is not prevalent in solution. The antiparallel arrangement placed FliG on 
opposite extremes making some copies of it inaccessible to its binding partner –MotA (Lloyd et 
al., 1996; Zhou et al., 1998). Though the placement of 30 units of FliM:FliG in antiparallel 
arrangement along with five units in parallel arrangement generated a ring of ~43 nm diameter, 
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the positioning of FliG dictated by such an arrangement seems unlikely. This arrangement could 
be an artifact of working with truncated protein or a result of crystal packing. Addition of the C-
terminal domain of FliM could prevent the anti-parallel stacking of this arrangement.  
The building block of this model is the strong interaction between FliGC and FliGM+1 which 
essentially polymerizes the FliG molecules into an array. The FliGC:FliGM+1 interaction was 
observed before in the structure of A. aeolicus FliG (Lee et al., 2010). The arm stacking in their 
structure forms a continuous hydrophobic core that extends through the superhelix (Lee et al., 
2010). The interaction allows oligomerization of FliM as seen by the increase in signal amplitude 
in presence of both the middle and C-terminal domains of FliG (Bonet, 2010). The FliM:FliG 
interaction via the middle domains is observed in crystal structures and by numerous 
biochemical assays. Unable to observe any interaction between FliGC and FliMM, we predict that 
FliG interacts with FliM through the middle domain, which is the higher affinity site. The 
parallel arrangement of FliM in the C-ring has already been shown through cross-linking 
experiments (Park et al., 2006b; Paul et al., 2011b) and also here. The cross-linked product in 
this study, indicative of the antiparallel arrangement, could be a result of random collision or an 
arrangement favored by the truncated proteins. 
4.4.2 Distances are consistent with the model: From the Gaussian fit, 19 distances were 
extracted and are in good agreement with the CC distances from the model with an rmsd of 7 
 . This is consistent with the differences observed in literature between the CCdistances and 
spin-labels in single proteins of defined structure. The distances which show the maximum 
discrepancy involve the FliG:FliG contact. Control experiments on spin-labeled FliG  160 
yielded a distance of 48  . The C-C distance used in our fitting is 43   whereas the distance 
from the model would be 32  . Distances obtained from ESR experiments are typically longer 
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than the C distances by 5-7 Å (Airola et al., 2013; Bhatnagar et al., 2010; Georgieva et al., 
2013). On a closer examination of the molecular structure of the final model it was observed that 
K160 is present along the interface of FliGC:FliGM+1, where its aliphatic side chain participates in 
a hydrophobic interface. Adding a bulky spin-label to this interface may well affect the 
interaction between subunits and leading to broadening and increased distances between 
neighboring FliGM domains. 
In the C-ring three proteins assemble to form the switch complex. In this study we worked with 
two truncated proteins because the full length proteins do not have high expression levels. It is 
clear that the FliM:FliG complexes were formed in solution in absence of a membranous 
structure. The absence of FliN or FliY at the base of the C-ring affected this complex formation. 
FliM did not have a platform to anchor itself to; this allowed some conformational flexibility to 
the lower part of the FliM domains. This resulted in slightly longer distances and wider 
distributions than would be expected in a rigid C-ring.  
4.4.3 Interaction between FliGC and FliMM: Uncertainty in the position of the domains of FliG 
needs to be addressed because FliG is the component of the rotor involved in torque generation. 
In the PDS experiments and the pull-down assays, we were unable to detect any interaction 
between FliGC and FliMM. The only co-crystal structure of FliM and FliG, which includes the C-
terminal domain of FliG, does not show any interaction between FliMM and FliGC. Instead the 
interaction was observed only via the middle domains (Vartanian et al., 2012). Solution state 
NMR studies also could not detect an interaction between TmFliM and TmFliGC (Dyer et al., 
2009). Furthermore in a recent study using pull-down assays and isothermal calorimetric 
experiments from Helicobacter pylori no evidence for interaction between FliM and FliGC was 
observed (Lam et al., 2013). On the other hand, the Blair group was able to show the interaction 
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between FliMM and FliGC by cross-linking experiments. Most of the experiments performed by 
the Blair group were in intact rotors within cells (Paul et al., 2011a; Paul et al., 2011b). It may be 
possible that the FliGC:FliMM interaction is only observed in fully assembled rotors. 
Due to restrictions of our experiment we could not isolate any distance between FliMM and 
FliGC, but the presence of FliG C-terminus is necessary for formation of the higher oligomers as 
evidenced from previous work by our lab (Bonet, 2010). Based on the EM image, the C-ring has 
34-fold symmetry and MS ring has 26-fold symmetry. Since FliG acts as the mediator between 
the C-ring and the MS-ring, it is believed to have 26 copies. Based on previous study, 34 copies 
of FliM can fit in to the C-ring (Park et al., 2006b). Extrapolating that result and our finding we 
would expect 34 copies of FliM to interact with 34 copies of FliG. However with only 26 copies 
of FliG being present and to explain the symmetry mismatch we hypothesize only 26 copies of 
FliMM interact with 26 copies of FliGM and the remaining eight copies of FliM interact with 
FliGc. This contact via the C-terminal domain might only be observed under the context of 
assembled rotors. 
4.4.4 CheY-P interactions with FliM: Chemotactic signal is highly amplified within the switch. 
The reason for this amplification is not very clear. Studies have shown switching to be a highly 
cooperative event having a hill coefficient of 10 (Cluzel et al., 2000). However, FRET results 
show that binding of CheY-P to FliM is about fivefold less cooperative than switching (Sourjik 
and Berg, 2002). In this study we observed changes that occur during the early stages of 
switching. 
100 
 
  
Figure 4.13. Residues on FliMM affected by CheY-P binding. Residues affected by CheY-P 
binding mapped on to the FliM surface in the assembled subunits are shown in red. Positions of 
spin-label are shown in grey. Residues involved in cross-linking the FliM monomers are shown 
in green (Dyer et al., 2009; Park et al., 2006b). Dotted lines indicate the region of CheY-P 
binding to dimerize FliM and induce rotation of the domains. 
PDS experiments on spin-labeled FliM indicate that CheY or CheY-P binds to FliM and brings 
about conformational changes to FliMM. Previous studies have shown that CheY binds more 
tightly to FliM full length than FliMN indicating a second binding site (McEvoy et al., 1999; 
Sourjik and Berg, 2002). Deletion mutant studies on FliM have implied an interaction between 
FliM and activated CheY (Mathews et al., 1998). A NMR study from the Dahlquist group 
isolated residues on FliM that were perturbed in presence of CheY-P (Dyer et al., 2009). Those 
residues are dispersed along the surface. Residues 59 and 96, which were perturbed the most in 
the presence of CheY-P, are located near the FliMM:FliMM interface (Fig. 4.13). Residues 96 and 
adjacent residues 95, 97, and 98 present along α  form a solvent e posed hydrophobic patch for 
binding the response regulator. The CheY binding site 59 is close to the spin-label site 60. We 
hypothesize that the CheY-P binding causes FliM to rotate. This rotation causes spin-labels 
present along the periphery to be affected in such a way that it brings the 60 sites together and 
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the 167 sites further apart. Spin-label 121 is present along α3, more towards the center of the 
molecule that is not affected much by the rotation, hence we see a slight sharpening of the peak. 
This conformational change on FliM resulting from the interaction with CheY-P would induce 
conformational change to the FliGM surface via its interacting site. The helix connecting FliGM to 
FliGC would propagate this change to FliGC. Once this conformational change takes place in one 
unit it would propagate to the neighboring FliG molecule. This would alter the interaction 
between FliG and MotA resulting in a switch of rotor rotation sense. Further PDS experiments 
on spin-labeled FliG will help us understand the conformational change it undergoes in the 
presence of CheY-P and FliM.  
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Chapter 5 
Conclusion and Outlook 
The bacterial flagellar motor is considered by many to be the first nanoscale molecular machine 
discovered. The intricate and complicated designs of these motors have been the source of debate 
between the proponents of intelligent design and the school of Darwinism. Over forty years of 
research on the flagellar motor provided information about the molecular components involved, 
but there is much still unanswered regarding the molecular mechanisms of torque generation and 
rotational switching (Berg, 2003; Kojima and Blair, 2004; Sowa and Berry, 2008). This is largely 
because the motor action and regulation require complex interactions among a large number of 
membrane associated proteins. Understanding the architecture and molecular interactions of the 
flagellar motor promises to aid in the design of artificial nanomachines.  
Chemotaxis and motility are essential for intestinal pathogens like Helicobacter pylori to move 
through the mucous layer of the stomach and find optimum sites of attachment (Howitt et al., 
2011; Rolig et al., 2011). Spirochetes, such as Leptospira, Borrellia, and Treponema, the 
causative agents of leptospirosis, lyme disease, and syphilis, respectively, penetrate deep into the 
tissues and blood stream to circulate to sites of infection (Liao et al., 2009). In these cases, 
directional motility is necessary to survive in the host environment and reach the target site. 
Disruption of bacterial motility is a possible avenue to mitigate infection. Indeed, mutations in 
motility apparatuses often render pathogentic bacteria non-infectious. The flagellar motor is 
unique to prokaryotes and thus may serve as a useful target for antibiotics (Okada et al., 2007). 
Furthermore, understanding the motility mechanism, will aid in designing new therapeutic 
agents.  
111 
 
The chemotaxis pathway in E. coli has been studied extensively, but in Gram-positive bacteria or 
spirochetes to a lesser extent. These bacteria have features that are significantly different from E. 
coli. The switch proteins FliM and FliG are common to all the species, the primary difference in 
Gram-positive bacteria and spirochetes is the replacement of FliN with FliY in the switch 
(Szurmant and Ordal, 2004). Recent studies on the genera Leptospira and Campylobacter have 
identified the role of fliY gene in pathogenicity (Liao et al., 2009; Lou et al., 2013). The structure 
of FliY presented here furthers our understanding of the Gram-positive switch complex and 
moreover broadens the knowledge about motility and pathogenicity in bacteria. Nonetheless, 
numerous questions about the switch remain unanswered. For instance, the position of FliY is 
not clear. It is believed to be positioned in close proximity to FliM, however the functional role 
of localizing a phosphatase to the switch itself is not understood (Bischoff and Ordal, 1992b; 
Szurmant et al., 2003). The low-resolution cryo EM image of flagella from Leptospira 
interrogans shows an increase in the C-ring diameter, which may be attributed to the presence of 
FliY (Raddi et al., 2012). Leptospira, encodes both FliN and FliY, and the resolution of the 
image is not high enough to clearly indicate the postion of FliY with respect to the other rotor 
proteins. Positioning of FliY could come from a higher resolution EM image of the intact flagella 
in Gram-positive bacteria. Targeted cross-linking, as has been done for the E. coli flagella, or 
perhaps PDS on intact Gram-positive rotors could also lend insight to FliY positioning. 
A study on Bacillus subtilis using heterologous CheX expression has shown that compared to 
CheC and FliY, CheX has the maximum phosphatase activity of all three phosphatases (Muff et 
al., 2007). In our study we have shown that FliY from Thermotoga maritima behaves differently 
from Bacillus subtilis in terms of its ability to interact with other switch components and CheY-P 
(Sircar et al., 2013). Experiments that compare relative phosphatase activities of Thermotoga 
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maritima phosphatase would be interesting as this bacterial species naturally encodes all the 
three proteins of the CheC, FliY, and CheX family. 
Why FliY has two phosphatase active centers is also not clear. The structure of FliY 
reveals two active sites situated on two different helices. Interestingly, we have also shown that 
one active site is more reactive than the other (Sircar et al., 2013). The detailed interactions 
between FliY and its substrate, activated CheY, are not known. A co-crystalized structure of 
FliY with CheY gives insight to the system. 
Crystal structures of the switch protein components and complexes aided in 
understanding the architecture of the rotor and how the proteins interact to produce a functional 
switch. The structure of the binary complex of FliM and FliG presented here has a unique 
antiparallel arrangement. Subsequently, we showed that this arrangement is not favored in 
solution. Consequently, we have presented a structural model for FliM:FliG association and 
arrangement in the C-ring based on results from a combination of spectroscopic techniques and 
biochemical assays. Ultimately, the model is not perfect and has scope for improvement. A next 
step to improve the model is to increase the amount of distant restraint data by investigating 
more spin-label sites specifically on the C-terminal domain of FliG to probe the distance between 
FliGC and FliM. However, the limits of studying soluble complexes should be recognized and the 
greatest impact of extended spin-labeled experiments would involve measurements on intact 
rotors. It would be a challenge to specifically spin-label a cysteine mutant protein in the intact 
rotor and isolate the signal, but it would remain as a long term goal for future work. 
In this dissertation, the structure of FliY was determined and a model was proposed on how it 
might be arranged in the C-ring based on our experimental data. In the preceding chapters, the 
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arrangement of FliM and FliG in the C-ring was shown. We have added two essential pieces to 
the puzzle about the arrangement of the components in the C-ring: 1) the structure of the non- 
conserved rotor protein FliY and its interaction with other rotor proteins, and 2) parallel 
alignment of FliM:FliG dimer in the array. Higher order FliM:FliG complexes are formed by 
interaction between FliGC and FliGM of the adjacent molecule. This information gained here in 
combination with previously acquired knowledge will collectively facilitate substantial 
refinement of pre-existing models and lead towards a better understanding of the flagellar switch 
complex.  
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